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DAMAGE  GROWTH  UNDER  SPECTRUM  LOADING  DIFFERS  SIGNIFICANTLY  FROM  THAT  UNDER 
CONSTANT  AMPLITUDE  LOADING. 
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DELAMINATION  PROPAGATION  UNDER  SHEAR  AND  NORMAL  STRESSES 


Is  the  coefficient  of  friction  between  plies 


UNDER  TENSION-COMPRESSION  LOADING  THE  VALUE  OF  "f"  IS  GIVEN  BY 
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MINER'S  RULE  IS  GIVEN  BY 


RESIDUAL  STRENGTH  PREDICTION  MODEL 


EXPERIMENTAL  PROGRAM 


TEST  SPECIMEN  SPECIMEN  IN  TEST  MACHINE 


Minimum  Stress,  ksi  Minimum  Stress,  ksi 


0.005  in 
0.010  in 


Number  of  Cycles 

Comparison  of  Observed  and  Predicted  Fatigue  Behavior 
of  the  10-Ply  Laminate.  Prediction  Based  on  Shear 
Stresses  Only. 


R=-00 


Number  of  Cycles 

Comparison  of  Observed  and  Predicted  Fatigue  Behavior 
of  the  10-Ply  Laminate.  Prediction  with  the  Present 
Model. 


Stress,  MPa 


Number  of  Cycles 

Comparison  of  Observed  and  Predicted  Fatigue  Behavior  of 
the  10-Ply  Laminates  at  R  =  -1. 
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Comparison  of  Observed  and  Predicted  Fatigue  Behavior  of 
the  16-Ply  Laminate  at  R  =  -oo. 
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•  TO  DEVELOP  WAYS  TO  MAKE  COMPRESSION  LOADED 
LAMINATES  LESS  NOTCH  SENSITIVE  ./ 
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AN  ENERGY  METHOD  PREDICTS  A  LOWER  BOUND  FOR  RESIDUAL  TENSILE  STRENGTHS  OF 
IMPACTED  LAMINATES. 
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EQUATE  DETERMINANT  OF  THE  DISCRETIZED  SYSTEM  TO  ZERO  TO 
OBTAIN  CRITICAL  LOAD  FOR  BUCKLING  FAILURE. 
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ULTRASONIC  C-SCAN- FATIGUE  SPECIMEN 


FOR  SAMPLES  1.5-7  AND  1.5-8,  S=0.6 
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ACCURATLEY  FOR  Ql  LAMINATES  USING  A  2-D  ANALYSIS  BY 
ASSUMING  =  0  FOR  ALL  PLIES 


5.27  mm 


775  NODES 
720  ELEMENTS 


INTERLAMINAR  NORMAL  STRESS 


INTERLAMINAR  NORMAL  STRESS  IN  [90/45/0/-45] 


INTERLAMINAR  SHEAR  STRESS  IN  [90/45/0/-45] 


no 
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MECHANICS  OF  DELAMINATION 
UNDER  COMPRESSIVE  ILIADS 


A,  S,  D.  HANG 

DEPARTMENT  OF  MECHANICAL  ENGIIEERING 
DREXEL  UNIVERSITY 
PHILADELPHIA,  PA  I9I04 


OBJECTIVES! 

1.  TO  STUDY  THE  EELAMINATION  fECHANISMS  IN  GRAPHITE- 
EPOXY  LAMINATES  SUBJECTED  TO  COMPRESSIVE  STATIC 
AND  FATIGUE  LEADS; 

2.  TO  FORMULATE  ANALYTICAL  MODELS  FOR  TIE  INITIATION 
AND  THE  GROWTH  BEHAVIOR  OF  DELAMINATION  CRACKING 
UNDER  BOTH  STATIC  AND  FATIGUE  (COMPRESSIVE)  LJMB, 
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CONCLUSIONS: 

1,  WHEN  STRUCTURAL  BUCKLING  IS  PREVENTED,  A  LAMINATE  SUBJECTED  TO 
UNIAXIAL  COMPRESSION  MAY  DEVELOP  FREE  EDGE  DELAMINATION  IN  THE 
SAAE  MANNER  AS  OBSERVED  IN  TENSION; 

2,  TOE  DRIVING  FORCE  FOR  DELAMINATION  IS  DERIVED  FROM  TOE  CONCEN¬ 
TRATION  OF  FRE  EDGE  INTERLAMINAR  STRESSES; 

3,  A  MODEL  BASED  ON  FRACTURE  MECHANICS  (STRAIN  ENERGY  RELEASE  RATE) 
IS  SHOWN  TO  PREDICT  TOE  INITIATION  OF  DELAMINATION  UNDER  STATIC 
(COPPRESSIVE)  LOAD; 

A.  EXPERIMENTS  SUGGEST  THAT  THE  QUANTITY  OF  STRAIN  ENERGY  RELEASE 
RATE  ALSO  PLAYS  A  DOMINANT  ROLE  IN  TOE  GROWTH  OF  DELAMINATION 
UNDER  FATIGUE  (COMPRESSIVE)  LOAD; 

5,  POST-DEIAMINATION  LAMINATE  FAILURE  IS  GENERALLY  ASSOCIATED  WITH 
LDCAL  LAMINA  BUCKLING;  HENCE,  DtLAMINATION  UNDER  COMPRESSION  IS 
OFTEN  CATASTROPHIC; 

6.  TOE  DELAMINATION  FRONT  IS  GENERALLY  A  2-DlimiONAL  CONTOUR  IN 
TOE  EELAMINATION  PLANE;  TOE  EXPANSION  OF  TOE  CONTOUR  IS  DIREC¬ 
TIONALLY  DEPENDENT,  A  3-DIL0JSIONAL  (FINITE  ELEMEND  SIMULA¬ 
TION  IS  REQUIRED  TO  CALCULATE  TOE  QUANTITY  OF  TOE  STRAIN  ENERGY 
RELEASE  RATE. 
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SCOPE  OF  EXPERIMENT 


/ 


LOADING  - 

1.  STATIC;  CROSSHEAD  DISPLACEMENT  RATE  0.012  CM/MIN 

2.  FATIGUE;  R  =  0.  L  F  =  5HZ 

LAMINATES  -  AS-350I-6 

2.  (0/9Q/0/90/45/-^5/A5M5)s 
(90/0/90/0/- W5/-^5/45)  s 

3.  THE  ABOVE  WITH  INTERLAMINAR  INPLANTS: 

TYPE  A  INPLANT 

TYPE  C  INPLANT 


TYPE  A  m  TYPE  C  INTERLAMINAR  INPLANTS 


TYPE  A  TYPE  C 

THE  INPUWS  ARE  INTRODUCED  BY  INEEDDING  TEFLON  FILM  C-5Dp  THICKPESS) 
AT  THE  -A5/R5  INTERFACE. 

TYPE  A  :  6.5w  X  25, Am  STRIP  FILM 
TYPE  C  :  6.5*  DIAMETER  ROUND  FILM 


r 


wedges 


COMPRESSION  TEST  APPARATUS 


i?o 


d 


I 


FREE  EDGE  IMTERLMNAR  STRESS  DISTRIBWICHS 
(PSI  PER  ICf6  OPPRESSIVE  STRAIN) 


CRITERION  FOR  INITIATION 


G(^)  =  (Ce  ^2)2t 
*  Gc 

c  -  c 1  +  c 11  +  c 111 

e  e  e  e  _ 

Ge  =  G(I,IUII)c 


(902/027-^452/^2)3 


c1 

c  in 

C  HI/C 

_e _ 

-ft  ■  -A 

0,86  X  I# 

1.03 

1.2 

1.46 

0,09 

0.5 

1 
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CM1NAT1CN  INITIATION 
(STATIC  OCffRESSIVE  LOADING) 


PREDICTED 

EXPER1M 

51.^4  KSI 

49.2  ICSI 

C9G^/02/-452/452 ) s 

49,0  KSI 

45.7 

(0/90/0/90/45/^45 —  )$ 

72.4 

62.0* 

(9Q/0/90/Q/-45/45 — )  s 

69.0 

62.5* 

CALCULATION  BASED  ON  G(I/III)c  «  1.0  IN-LB/IN2 
*  DELAMINATION  OBSERVED  ONLY  AT  LAMINATE  FAILURE, 
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EFFECT  OF  INTERLAMINAR  INPLANTS 
(STATIC  COMPRESSIVE  LOADING) 


LMML 

(C^/90^/452/-^)s 

ONSET  DELAM 

49,2  KSi 

FAILURE 

53.6 

35.0 

41.5 

(02/%/^2/-452)s-C 

36.40 

48.0 

(0/90/0/90/45/-45— )s 

62.0(0 

62.0 

(0/90/0/90/J45/-45 — )  S-A 

45.0 

55.5 

(0/90/0/90/45/-45— )S-C 

38.500 

53.0 

*  FIRST  DELM1NATIQN  AT  FREE  EDGE 
**  SIMULTANEOUS  IELAMINATION/FAI LURE 
***  FIRST  CELAMINATION  AROUND  CIRCULAR  FILM 
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EFFECT  OF  INTERLAMINAR  INPLANTS 


(COMPRESSIVE  FATIGUE  LOADING) 


-  (0_/ 90_ /45„/— 450 ]  laminate 

ill  is 

-  (0/90/0/90/45/-45/ 45/— 45 ]  laminate 


A  SUGGESTED  EELAMINATION  GROWTH  MODEL 


SINCE  G  =  GU  Qj  LAMINATION  GEOMETRY),  WE  MAY  PROPOSE  A  GROWTH  RATE 
LAW  IN  THE  FORM 


3?=F(G/Gc) 

A  SIMPLE  FORM  OF  THE  ABOVE  MAY  BE 

^=Ci(G/Gc)C2 


WHERE  Cj  AND  ARE  EMPIRICAL  CONSTANTS. 


ADP°0l252 


A  CUMULATIVE  DAMAGE  MODEL  FOR 
ADVANCED  COMPOSITE  MATERIALS 


A  Presentation  at  the 

Eighth  Annual  Mechanics  of  Composites  Review 
Dayton,  Ohio  -  October  1982 


by 

Pei  Chi  Chou 
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OBJECTIVES 


DEVELOPMENT  OF  A  CUMULATIVE  DAMAGE  MODEL  TO  PREDICT  THE 
FAILURE  MODES,  STRENGTH,  AND  FATIGUE  LIFE  OF  COMPOSITE 
MATERIALS.  THE  MODEL  WILL  UTILIZE  FRACTURE  MECHANICS,  RANDOM 
VARIABLES,  AND  FINITE-ELEMENT  CODES,  AS  NEEDED.  THE  RESULTS 
MUST  BE  VERIFIED  BY  EXPERIMENTS. 

STEPS  OF  DEVELOPMENT 

1.  BASIC  FRACTURE  MECHANICS  APPROACH  TO  EDGE  DELAMINATION 
AND  TRANSVERSE  CRACK,  (STATIC,  ONSET  OF  FIRST  CRACK). 

2.  MODEL  FOR  MULTIPLE-TRANSVERSE  CRACKS,  STATIC. 

3.  MODEL  FOR  FATIGUE,  TRANSVERSE  CRACKS  AND  DELAMINATION. 

A.  CUMULATIVE  DAMAGE  MODEL. 

5.  EXTENSION  TO  FINAL  LAMINATE  FAILURE. 
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CONCLUSIONS 


1.  A  MODEL  FOR  MULTIPLE  TRANSVERSE  CRACKING  IN  THE  90°  PLIES  WAS 
DEVELOPED.  IT  IS  BASED  ON  THE  ASSUMPTION  THAT  THE  LENGTH  OF 

THE  INHERENT  MICROCRACKS  IN  THE  MATERIAL  IS  DISTRIBUTED  RANDOMLY. 
USING  A  TWO-PARAMETER  WEI  BULL  DISTRIBUTION  AND  THE  CRITERION  FOR 
CRACK  PROPAGATION  BASED  FRACTURE  MECHANICS,  RESULTS  FROM  THE 
MODEL  AGREE  WITH  EXPERIMENTAL  DATA. 

2.  UNDER  FATIGUE  LOADING,  THE  MODEL  ASSUMES  THAT  THE  LENGTH  OF  A 
CRACK  EXTENDS  UNDER  EACH  CYCLE  ACCORDING  TO  AN  EMPIRICAL  RULE. 
TOGETHER  WITH  THE  RANDOM  DISTRIBUTION  OF  THE  INITIAL  CRACK 
LENGTH,  THE  MODEL  PREDICTS  THE  CORRECT  CRACK  DENSITY  AS  A  FUNCTION 
OF  FATIGUE  CYCLES. 

3.  A  CUMULATIVE  DAMAGE  MODEL  IS  ALSO  PROPOSED.  IT  IS  BASED  ON  THE 
CONCEPT  OF  "DAMAGED  STATE."  IT  IS  SIMILAR  TO  THE  MINER'S  RULE, 
EXCEPT  HERE  IT  IS  THE  "DAMAGE"  (CRACK  DENSITY,  OR  DELAMINATION 
AREA)  THAT  IS  ACCUMULATING. 

A.  PLANS  FOR  EXTENDING  THE  PRESENT  APPROACH  TO  THE  FINAL  FAILURE 
OF  OTHER  TYPES  OF  LAMINATES  ARE  MADE. 
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STATIC  CASE 


EXPERIMENTAL  RESULT 


n  =  crack  density 


=  number  of  cracks  per  unit  length 


EXPERIMENTAL  LOAD-TRANSVERSE  CRACK  DENSITY  DATA  FOR  [02/902]s 
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a  <T 


FRACTURE  MECHANICS  RESULTS 


1 .  INITIAL  FLAW  ar 

IN  THE  90°  PLIES  THERE  ARE  INITIAL  FLAWS,  OR  CRACKS  OF 
LEN6TH  ac. 

2.  LOAD  FOR  Qc  TO  PROPAGATE 

FROM  FRACTURE  MECHANICS  PRINCIPLE  AND  A  FINITE  ELEMENT 
PROGRAM,  FOR  EACH  FLAW  LENGTH  ac,  THERE  IS  A  LOAD  (STRESS) 
THAT  WILL  CAUSE  THE  FLAW  TO  PROPAGATE  TO  FULL  WIDTH  OF  90° 
PLIES. 

3.  SHEAR  LAG  ZONE 

A  "SHEAR  LAG"  ZONE  SURROUNDS  A  FULLY  DEVELOPED  CRACK. 
OUTSIDE  OF  THIS  ZONE,  THE  STATE  OF  STRESS  AND  STRAIN  IS 
NOT  AFFECTED  BY  THIS  CRACK. 

A.  CRACK  INDEPENDENCE 

OUTSIDE  OF  THE  SHEAR-LAG  ZONES  OF  FULLY  DEVELOPED  CRACKS 
THE  CRACK  FORMATION  IS  INDEPENDENT. 
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RANDOM  VARIABLE  APPROACH 


1.  RANDOM  INITIAL  FLAW 

FOR  A  GIVEN  SPECIMEN,  ASSUME  THERE  IS  A  RANDOM  DISTRIBUTION 
OF  INITIAL  FLAWS  OF  LENGTH  ac,  OR  EQUIVALENT  LENGTH  ac. 


2.  CRACK  DEVELOPMENT 

UNDER  A  LOAD  0^  ALL  INITIAL  CRACKS  THAT  ARE  NOT  IN  THE  SHEAR 

LAG  ZONE  OF  OTHER  DEVELOPED  CRACKS  AND  ARE  OF  A  CERTAIN 

LENGTH  Qr  OR  LARGER,  ARE  FULLY  DEVELOPED , 

C1 

MATHEMATICAL  DEVELOPMENT 


I.  DISTRIBUTION  AND  NUMBER  OF  Oc 

ASSUME  ac  HAS  A  TWO-PARAMETER  WE I  BULL  DISTRIBUTION 


F(ac)  =  I  -  exp 


(1) 


F(ac)  =  PERCENT  OF  FLAWS  THAT  HAVE  LENGTH  ac  OR  SMALLER 
OR  SMALLER. 
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LUnJJ  YO  •  r  LAW  oill  rv.tri  ivn  w  v  \vj£  / 

FROM  FRACTURE  MECHANICS  AND  FINITE-ELEMENT 


G(a)-*G, 


Ex  =  72.1  GPa 
[02/902]s 

Ex  =  63.6  GPa 

[o2/903]s 


APPROXIMATED  BY 


0  .1  .3  .5  .7 

.9  af/b 

TRANSVERSE  CRACK  INITIATION 

STRAIN  VS.  RELATIVE  CRACK  LENGTH;  (02/902) 

AND  (02/903)s. 

CT  =  B  -  C  a(.. 

FOR  CT< q 

(2) 

<7  =  B'  -  c'  ar 

FOR  C>  q 

3.  COMBINING  (1)  AND  (2)  GIVE 


F(<J) 

F(CT) 


exp 


B  -  G 

P  c 


for  a  <  q 


constant  +  exp 


FOR  CT>q 


F«7)  =  PERCENT  OF  FULLY  DEVELOPED  FLAWS  UNDER 
LOAD  G . 


A.  CRACK  DENSITY  VS.  LOAD 
n  =  nmF(cn 

=  SATURATION  CRACK  DENSITY  WHICH  DEPENDS  ON 
BOTH  THE  NUMBER  OF  INITIAL  CRACKS  AND  THE 
SHEAR  LAG  ZONE. 
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F  «7) 


COMPARISON  OF  THE  CUMULATIVE  DISTRIBUTION  OF  C T  WITH  NORMALIZED  EXPERIMENTAL 
TRANSVERSE  CRACK  DENSITY  DATA  FOR  LAMINATE. 


RSE  CRACKS 


FATIGUE  CASE 


EXPERIMENTAL  RESULTS 


CYCLE-DAMAGE  RELATION  FOR  °2/903 

120  - — - 

100  “  *  =  38  ksi 
-  A  Cf  =  30  ksl  • 

80  ~  ■  (Jj:  =  26  ksi 


CRACK  DENSITY  n  VS.  FATIGUE  CYCLE  N  -  CURVES  UNDER  CONSTANT  AMPLITUDE  LOAD 
FATIGUE  MODEL 

1.  INITIAL  FLAW  DISTRIBUTION  AND  NUMBER  DETERMINED  FROM  STATIC  TESTS; 

Of,  /3,  nm  DETERMINED. 

2.  CRACK  PROPAGATION  DUE  TO  FATIGUE. 


INITIAL  DURING  FATIGUE  N  N' 
GROWTH  DUE  TO  FATIGUE  OF  ONE  CRACK. 


FULL  WIDTH 


5H  =  f(N,  a,  a,  G  .  .  .)  -  GENERAL 
dN 

~  =  k  -  --  A  SPECIFIC  CASE 
dN  N 

k  =  k(cr,  Gc) 

A  CRACK  OF  INITIAL  LENGTH  ac,  WILL  INCREASE  IN  LENGTH 
PER  CYCLE  OF  LOADING. 

AFTER  INTEGRATION 

a  =  acNk  OR  In  ^  -  k  In  N 

3.  DETERMINE  a*  FROM  STATIC  ANALYSIS. 

a*  =  THE  CRACK  LENGTH  THAT  WILL  PROPAGATE  TO  FULL 
WIDTH  UNDER  LOAD  G  , 

OR 

a*  =  WIDTH  OF  90°  PLIES 
A.  DETERMINE  N* 

N#  =  THE  FATIGUE  CYCLE  THAT  WILL  MAKE  ac  GROW  TO  a*. 
THUS  FULL  WIDTH. 
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5.  DETERMINATION  OF  F(N*) 


AS  IN  STATIC  CASE,  n  =  nmF(N*) 
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CONSTANT  AMPLITUDE  FATIGUE. 


CONSTANT  AMPLITUDE  FATIGUE. 


STRESS,  KSI 


CUMULATIVE  DAMAGE 


1.  CONSTANT  DAMAGE  STATE  CONCEPT. 

2.  USE  OF  CONSTANT  AMPLITUDE  FATIGUE  MODEL  TO  GENERATE  CONSTANT 
DAMAGE  CURVES  IN  S  -  N  PUNE. 

3.  TRACE  SPECTRUM  LOADING  USING  DAMAGE  CURVES. 


CUMUUTIVE  DAMAGE  TESTS  (02/902)s 
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CONCLUSIONS  TO  DATE 
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CUMULATIVE  DAMAGE  MODEL  FOR  ADVANCED  COMPOSITE  MATERIALS 


r 


LIFE  AND  RESIDUAL  STRENGTH  DATA 
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redistributed  stress  state 


SCENARIO  ! 

TENSION -TENSION  ,NO  SIGNIFICANT  DELAMINATION  EFFECT: 
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FROM  MECHANICS  MODELS  OF  DAMAGE 


NORMALIZED  REDISTRIBUTION 
STRESS  IN  ZERO  DEGREE  PLIES. 


TYPE  B 

TENS  ION -TENSION  FATIGUE 
6000  fJL€ 
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CYCLES  (I06) 


AD  P001254 


FATIGUE  DAMAGE-STRENGTH  RELATIONSHIPS 
IN  COMPOSITE  LAMINATES 

K.  L.  Reifsnider,  W.  W.  Stinchcomb,  E.  G.  Henneke,  II, 
J.  C.  Duke,  Jr.  and  R.  D.  Jamison 

Virginia  Polytechnic  Institute  and  State  University 
Blacksburg,  Virginia  24061 
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Objective:  JThe  objective  of  this  program  shall  be 
to  determine  the  nature  of  damage  events,  caused  by  cyclic 
(fatigue)  loading,  which  are  directly  related  to  the 
fracture  of  composite  laminates  and  to  develop  an  under¬ 
standing  of  how  such  damage  events  affect  the  strength  of 
the  laminates. 

\ 
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CONCLUSIONS 


1.  The  reduction  of  strength  and  life  during  long-term  fatigue 
loading  occurs  because  of  matrix  cracking,  delamination  and 
fiber  fractures  which  accumulate  during  cyclic  loading. 

2.  The  major  effect  of  fatigue  damage,  relative  to  residual 
strength  and  life,  is  to  cause  internal  local  stress  redis¬ 
tribution  which  alters  the  amount  of  load  carried  by  the 

0  degree  ply  in  that  region. 

3.  Fiber  failure  is  increased  by  fatigue  loading  to  levels  of 
occurrence  which  may  be  two  orders  of  magnitude  greater  than 
levels  observed  during  quasi-static  loading. 

4.  Matrix  cracks  can  cause  preferential  fiber  failures. 

5.  Local  (internal)  delcmination  can  cause  very  large  stress 
redistribution  in  the  adjacent  plies. 

6.  The  collective  condition  defined  by  all  extant  damage  and 
the  current  (local)  state  of  stress  in  the  region  of  subse¬ 
quent  failure  defines  the  residual  strength  and  life  of  a 
fatigue-loaded  laminate. 

7.  Fatigue  loading  greatly  influences  the  process  of  failure 
but  does  not  change  the  basic  nature  of  the  final  failure 
event  for  the  fiber-dominated  laminates  investigated. 

8.  Changes  in  laminate  stiffness  can  be  used  to  monitor  the 
development  of  fatigue  damage  and  can  be  directly  related  to 
internal  stress  redistribution. 
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TYPICAL  STEREO  X-RAY  IMAGE  PAIR. 


CRACKS  PtR  INCH 


MICRO-DAMAGE  IN  A  [0,90, +45],.  LAMINATE. 


LONGITUDINAL 

CRACK 

DELAMINATION 


INFLUENCE  OF  LONGITUDINAL  CRACK  ON  INTERIOR  DELAMINATION  FORMATION. 


MIXED  MODE  OF  FIBER  FRACTURE  IN  [0,+45]$  LAMINATES. 


J 
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d*  ADJACENT  PLY  CRACK  SPACING 

TYPICAL  FIBER  BREAK  PATTERN  IN  0  DEGREE  PLIES. 


TABLE.  CALCULATED  AND  MEASURED  LAMINATE  STIFFNESS  REDUCTION 
DUE  TO  PLY  CRACKING  AND  DELAMINATION. 


Specimen 

Condition 

A/A*  _E 

AEDEL 

aEtotal 

aemeas 

(GP  a) 

hi 

Hi 

Hi 

III-L-1-23 

Stage  I 

0.083  50.51 

1.7 

7.1 

5.2 

1 1 I-L-l-22 

Stage  II 

0.186  45. 82 

4.2 

15.8 

14.7 

II I-L-1-1S 

Stage  III 

0.139  45. 52 

4.8 

16.4 

16.7 

1 1 1-L-l-21 

Stage  III 
NEAR  FAILURE 

0.303  44. 22 

7.6 

18.8 

19.7, 

1.  Off-axis 

2.  Off-axis 

ply  E2  and  G,  2  discounted 
ply  E^  and  G^  discounted 

50  percent 
100  percent 

EUNOAMAGED  * 

54.4  GPa 

Referanca 

Values: 

EFUILY  CRACKED  “ 

E50»  CRACKED  AND 

DELAMINATED  * 

47.8  GPa 

40.7  GPa 

efully  cracked  and  delaminated  “ 

35.8  GPa 

A  » 

Delaminate  Area 

★ 

A  * 

Total  Interfacial 

Area 

E  ■ 

Laminate  Stiffness  with 

Partial  Delamination 

iEOEL  ' 

Stiffness  Reduction  due 

to  Dalamination  Only 

4Etotal  ' 

Stiffness  Reduction  due 
Oe lamination 

to  Cracking 

and 

4Emeas  ‘ 

Measured  Stiffness  Reduc 

tion 
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AVERAGE  NUMBER  OF  FIBER  BREAKS  IN  REPRESENTATIVE  AREA 


TOTAL  FIBER  FRACTURES  IN  [0,90, +451  LAMINATES. 


FREQUENCY  OF  OCCURRENCE 


s:  >> 
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Shear  stress  in  ±45°  plies/gross  applied  stress 


Displace 


Shear  stress  in  ±45°  plies /applied  gross  stress 
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Displacement  increases  correlated  with  sensitivity 


>lD-A130  750  PROCEEDINGS  OF  THE  ANNUAL  MECHANICS  OF  COMPOSITES  1/ 

REVIEW  < 8TH)  HELD  AT  WR..IU)  AIR  FORCE  WRIGHT 
AERONAUTICAL  LABS  WRIGHT-PATTERSON  AF8  OH  L  A  WILSON 
JNCLASSIF IED  APR  83  AFWAL-TR-83-4005  F/G  11/4 


NL 


1.0  B“*  m 

=====  KS  I.  i  2.2 


1.1 


2.0 


1.8 


11.25  II 1 1.4 


1.6 


MICROCOPY  RESOLUTION  TEST  CHART 

NATIONAL  BUREAU  Of  STANDARDS  -  '963  “  A 


AD  P  0  0 1 2  5  6 


EFFECT  OF  STRESS  RATIO  ON  FATIGUE  LIFE  OF  COMPOSITES 

BY 

G.  P.  SENDECKYJ 

STRUCTURES  &  DYNAMICS  DIVISION 
FLIGHT  DYNAMICS  LABORATORY 
AF  WRIGHT  AERONAUTICAL  LABORATORIES 


OBJECTIVES: 

DEVELOP  UNDERSTANDING  OF  EFFECT  OF  STRESS  RATIO  ON  FATIGUE 
LIFE  OF  RESIN-MATRIX  COMPOSITES  . 

DEVELOP  FATIGUE  MODEL  THAT  PROPERLY  ACCOUNTS  FOR  STRESS 
RATIO  DEPENDENCE  - 


FATIGUE  MODEL 


DAMAGE  METRIC 

&  -  - 

DETERMINISTIC  FATIGUE  EQUATION 

STATISTICAL  INFORMATION 

FATIGUE  LIFE  EQUATION 

C 1  +  ')"]* 


184 


MEL _ S _ £ 


W1 

^0 

1 

W2 

so 

c 

W3 

So 

C(1  -  R)6 

W3A 

s0  (1-R)° 

II 

W4 

s0  +  D  (1  -  R) 

n 

W4A 

s0  (1  -  R)6 

n 

WHERE 

SQ,  C,  D,  G  ARE  CONSTANTS 


MODEL  PARAMETER  ESTIMATION  PROCEDURE 

1.  ASSUME  MODEL  PARAMETERS 

2.  CONVERT  FATIGUE  DATA  TO  STATIC  DATA 

3.  FIT  WE I BULL  DISTRIBUTION  TO  STATIC  DATA 

A.  REPEAT  STEPS  1  THROUGH  A  UNTIL  SHAPE  PARAMATER  ESTIMATE  IS 
MAXIMIZED 

Ref:  Sendeckyj,  ASTM  STP  734,,  1981,  pp.  245-260 
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EXPERIMENTAL  PROGRAM 


LAMINATE 
(+A5)2S  S2/5208 

(±A5/02)s  S2/5208 

(+45/0) s  S2/5208 
(07+45/90) s  S2/5208 


STRESS  RATIOS 
0.1,  0.25,  0.4,  0.8 

0.1,  0.294,  0.522,  0.791 

0.1,  0.289,  0.438,  0.556 
0.1,  0.4,  0.7 


MODEL  W2 


R 

So 

C 

P 

0.1 

0.06051 

0.4894 

27.40 

19.68 

0.25 

0 . 05996 

0.1443 

36.54 

19.71 

0.4 

0.05012 

0,2984 

38.88 

19.72 

0.8 

0.02437 

0.1716 

22.11 

19.29 

-  e*I>r/0,/5‘  -  C(n-l)]S- 
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FOR  FULL-SCALE 
STRUCTURAL  TEST  PROGRAM 
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Notes: 

No.  1  Monolithic  -  laminate 
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•  NONLINEAR  ADHEREND  BEHAVIOR  , 

•  STEPPED  OR  UNIFORM  MEMBERS- 

A4EK  FOR  BONDED-BOLTED  JOINTS  - 

•  ALL  OF  ABOVE  FEATURES,  EXCEPT  YIELDING  ADHERENDS  . 

ILLUSTRATION  OF  ANALYSIS  CAPABILITIES  BY  SAMPLE  SOLUTIONS 


ADHESIVE  SHEAR  STRAIN,? 


STEPPED-LAP  ADHESIVE-BONDED  JOINT 
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IMPROVEMENTS  DUE  TO  SECOND  REDESIGN 
OF  STEPPED-LAP  BONDED  JOINT 


224 


STATION 


s 

=> 

Z 

< 

t  co 

CO  -»  °  * 
9  <  X  O 
2  tE  (M  £ 

£  £  "  « 

“i  <  "  = 

A  Suj  uT 


" 

55  — |  *—  ©  o 

9  5  x  o  o 

2  CE  05  *“  9 

itf  LU  r-  ,(  O 


>- 

cr 

*  fc 


— j-  PM 

I  CO 

o  u 

to  -J 

6 

1% 


PM  C 

<  £ 

o C  2 

H  * 
CO  O 

oc  i 

<  K 
N  111  u 
O  I  > 
CO  — 
CO 
UJ 

I 

o 

< 


rr  W 
5  CO 
<  LU  — 

t  £E  ^ 

X  H 

CO  CO  * 


<  ffi 

z 

I 

O 

Z 


1; 


1 


226 


STATION  NUMBER  STATION  NUMBER 


STATION  NUMBER 


STATION  NUMBER  STATION  NUMBER 


IMINATION  FAILURE, 

POSITE  STILL  BONDED  TO  METAL 


PREMATURE  FAILURE  OF  STEPPED-LAP  BONDED  JOINT 
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IDEALIZED  FASTENER 
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NOTE:  ENVELOPE  SHOWN  IS  FOR 
DUCTILE  METAL  ALLOYS 


L3EARING/BYPASS  LOAD  INTERACTION  FOR 
LOADED  BOLTS  IN  ADVANCED  COMPOSITES 


ffl 


o 

8 

z 

L U 

o 

s 


1 


237 


BYPASS  LOAD 


RAMBERG-OSGOOD  NONLINEAR  CHARACTERIZATION 


STRAIN, 


s 


in 

in 

a 

II 

O 

o 


fi 

z 

8 

6 


O 

z 

0£ 


in 


.2  UJ 
8  2 


< 

£T 


o> 

co 

~  8 

m  o 

O  Z 


CO 


o  t 

rv  < 

a: 


I  § 

o 

tr 


co 

co 


8 


CO 


Ui 

tr 


co  z 

8  1 

in  » 


UJ 

tr 

3 


co  O 
uj  to 
™  2 
3  UJ 


^  UJ 

SI  -J 
04  o 

II  Q 


O  2 


_  a 
o  3 


s  ; 


uj  to 
g=  co 

3  8 

If  a 


u  UJ 

uj  tr 
Vi  d 


O  Q 

UJ  UJ 


O  O 

UJ  UJ 


K  Q 

o  ® 
Q  -i 

O  j 
-»  O 
I—  co 


u  o 
Q  Q 


ce  a: 
a.  a. 


o  o 

o  o 

UJ  UJ 

a:  a: 

CL  CL 


O 

co 


*  — 
<  z 


M*  ^ 

CL  S 


2 


OINTS 


< 

LU 


O 

LU 


LU 

O 


Q. 

GO 


CO 

LU 


* 

CO 

C3 


O 

oo 


n 


to 

* 

o 

re 


s  S 

CM  O 

re 


to 

O 


8 

z 

LU 

(9 

i 


£ 


Q. 

CO 


re 

a. 


< 

ee 


00 

tri 

rv 

CM 


Mf  CM  . 
^  w  CO 


m  ''i  ui 


CM  O 


oc  m  co 

^  In 

C  “1  lO 
n  oi  h 

re 


CO 

oc  *: 

Ji  CO 

_r  «n 


CM& 


CO 

*£ 

00 


O 

CO 

CO 

UJ 

as 


0u 

CO 


(0 

CL 


o 

in 


co  oo 


o» 

CO 


O 

O 

z 

z 

rv 
♦  *: 
o»  o 
oo'  i 


in 


co 

co 


re 

Q. 


in  CM 


cO 

in 

CM 


O 

UJ 

CO 


Oc  CO 

2  « 
-  CO 
N  H 
CO 


hZO 

05(0 

*  co  Z 

^  -  UJ 


co 

6 

m 

co 


co 

co 

O 

oc 

o 

Q 


3 

Q 


0. 

CL 

< 


< 

CO 

CO 

>- 


CO 

CM  cf  Q 
U  OC  < 

5  *  6 

tv  _j 
CE 
UJ 

z 

UJ 


in 


9  rv 

co  — ; 

©  3 

00 

CM 


CO  Ul 
E  Z 
CM  X 
cm  £r 
m  O 
00 


O 

CO 

CO 

UJ 


oc 

►— 

CO 


UJ 


3£ 

CO 


u 

UJ 

CO 


CO 

< 


< 

z 

< 

Q£ 

< 

UJ 


O 

Or,S 

«  "t  |jj 

co  ui 

? 

UJ 

CO 

Ul 

u 


CO 

CO 

re 


CO  CO 

m  u 
cm 


-  co 

H 

CM 


_  (E 
2  Ul 
O  X 

65 

CO  - 
co  o: 
uj 

(V  Z  I-  CO 

2  uj  co  <o 
ShujO 
£«XK 
h<go 
CO  £  5»- 
<Q  < 


quJOQW 

ZI-Od 

UJlI-J 


O 

CO 


3 

< 

m 


D 

CO 


cO 

m 

UJ 

re; 

o> 

m 

rv 

H 

m 

8 

H 

o 

in 

00 

fV 

CO 

6 

rv 

CM 

O 

CM 

6 

t-go< 

x  EH  2 

S2x5y 

*©o< 

si£| 

co  £  o-j 
ui  iuiS 
co  ►"  o:~ 
co  z<Q 
tu  =  ^uj 


re 

Q. 


CD 


—  re 
C0  o_ 
SE  •* 


CE 

UJ 

5  «/> 

K  Q 
CO  < 

<  o 

Ul  —I 


CO 


CO 

CO 

UJ 

CE 


CO 


_  z  _  zicsSs 

iisgS 

"<3S« 
“<2» 
®  U.  £•>• 
E  K  EE-j 
<  CO  << 
_  Ul  LU  UJ  Z 

Z  (L  h  CD< 


z  a 


243 


*E 

CO 


u 

UJ 

CO 


CO 

UJ 

o 


p  CO 

o" 


Ul 


CO 


CO 


CO 


,  UJ 

he 


:  co 


J 


COMPARISON  BETWEEN  BASIC  AND  REFINED  FUSELAGE  SKIN  SPLICES 
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through  bonded/bolted 


LOAD  TRANSFER  OF  SAME  JOINT,  WITH  SEVEN 
0.3215  IN.  FASTENERS  ADOEO  =  33.096  LB 


LOAD  TRANSFER  THROUGH  BOLTED  JOINT 
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LOAD  TRANSFER  THROUGH  BONDED/BOLTED  FIBROUS  COMPOSITE  PATCH 
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REPAIR  IS  THUS  BACK  TO  NORMAL 
DESIGN  OPERATING  STRAINS,  BUT 
NOT  PARENT  MATERIAL  CAPABILITY 
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|  OBJECTIVES 

GENERAL:  Study  deformation  and  fracture  behavior  of  advanced 

STRUCTURAL  COMPOSITES  WITH  EMPHASIS  ON  POLYMER  MATRIX 
DOMINATED  PHENOMENA,  MOST  TOPICS  WERE  SELECTED  SO 
THAT  WORK  COULD  BE  DONE  AS  PART  OF  A  ONE-YEAR  M.S, 
DEGREE  PROGRAM, 


Pi.S.  THESES 


Student/ 

Faculty  Advisor 
Title 

1.  R.N.  Cohen/ 

W.L.  Bradley 
"Effect  of  Resin 
Toughness  on 
Fracture  Behavior  of 
Graphite/Epoxy  Composites" 


2.  H.  Razi/ 

R.A.  Schapery 

"Slow,  Stable  Delamina¬ 
tion  in  Graphite/Epoxy 
Composites" 

3.  J.R.  Weatherby/ 

R.A.  Schapery 
"Evaluation  of  Energy 
Release  Rates  in  Uni¬ 
directional  Split 
Laminate  Specimens" 


Specific  Objectives 


Investigate  experimentally 

TRANSVERSE  AND  DELAMINATION 
FRACTURE  TOUGHNESS  OF  THREE 
GRAPHITE/EPOXY  SYSTEMS.  DETER¬ 
MINE  MICROMECHANISM  OF  ENERGY 
DISSIPATION  USING  IN-SITU  FRAC¬ 
TURE  IN  SEM  AND  FRACTOGRAPHY  ON 
RESULTING  FRACTURED  SURFACES. 

Using  unidirectional  split  lami¬ 
nates,  DETERMINE  RELATION  BETWEEN 
CRACK  SPEED  AND  ENERGY  RELEASE 
RATE  UNDER  FIXED-GRIP  CONDITIONS. 


Develop  improved  beam  theory 

WHICH  ACCOUNTS  FOR  ROTATION  AT 
THE  CRACK  TIP. 
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5 


4,  R.T,  Arenburg/ 

R.A,  SCHAPERY 
"Analysis  of  the  Effect 
of  Matrix  Degradation 
on  Fatigue  Behavior  of 
a  Graphite/Epoxy  Laminate" 


Predict  mechanical  state  and 
energy  release  rate  for  delami¬ 
nation  in  tensile  coupons  with 
various  amounts  of  delamination 

AND  MATRIX  DEGRADATION;  COMPARE 
RESULTS  WITH  FAT  I GUE- 1 NDUCED 
DEFORMATION  AND  FRACTURE  OF 
[±45/902] S  GRAPHITE/EPOXY  LAMINATES, 


P-HiP,.  THESIS 


5.  B.D.  Harper/ 

Y.  Weitsman 
"On  the  Effects  of 
Post  Cure  Cool  Down 
and  Environmental 
Conditioning  on 
Residual  Stresses  in 
Composite  Laminates" 


Study  the  applicability  of  linear 
viscoelasticity  in  predicting 
curvatures  of  anti-symmetric 

CROSS-PLY  GRAPHITE/EPOXY  LAMI¬ 
NATES  AFTER  BEING  COOLED  FROM 
THEIR  CURE  TEMPERATURE  AND  DURING 
EXPOSURE  TO  BOTH  CONSTANT  AND 
FLUCTUATING  RELATIVE  HUMIDITIES, 

Both  elastic  and  viscoelastic 

ANALYTICAL  PREDICTIONS  ARE  TO 
BE  COMPARED  WITH  MEASURED  CURVA¬ 
TURES  of  AS4/3502  graphite/epoxy 

LAMI NATES,  WITH  EMPHASIS  ON  EFFECTS 
OF  MOISTURE  FLUCTUATIONS. 


Ilfllfc: 

Thesis 

Nos. 

Thesis 

No. 

Thesis 

No. 

Copies 

1-3,  COMPLETION  EXPECTED  BY  DEC , 

4 ,  COMPLETED  MAY  1982 

5,  COMPLETION  EXPECTED  IN  1983 

PROVIDED  UPON  WRITTEN  REQUEST  TO 


1982 


R.A.  SCHAPERY 
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CONCLUSIONS 

(Numbers  Correspond  to  Those  for  Objectives) 


1.  Fracture  Toughness  of  Laminates  (24  plies): 

(I)  The  high  toughness  resin  system  has  a  critical  energy 
release  rate  which  decreases  with  increasing  proportion 
of  mode  II  component.  T6T145/F185  decreases  from  a  G  of 
2400  J/m^  to  1900  J/m^  as  GII/(GI+6II)  increases  from 
0.0  to  0.40. 

(II)  For  lower  toughness  systems  the  opposite  behavior  appears 
to  exist.  AS4/3502  increases  from  200  to  475  J/m2  while 
T6C190/F155  increases  from  550  to  750  J/m?  for  the  same 
relative  increase  of  GII. 

(III)  Mode  ratio  history  in  the  brittle  systems  has  a  pronounced 
effect  on  fracture  toughness  that  is  not  seen  in  tougher 
system. 

(IV)  For  both  types  of  systems,  values  of  mode  I  critical 
energy  release  rates  for  transverse  cracking  and  delami¬ 
nation  FRACTURE  ARE  SIMILAR. 

(V)  The  damage  zone  at  the  ^rack  tip  in  the  brittle  materials 
is  limited  to  the  resin  rich  region  between  plys  whereas 
IN  the  tough  F185  resin  system  it  extends  three  to  five 
fiber  diameters  from  the  primary  fracture  plane. 

(VI)  Weak  interfacial  bonding  and  some  matrix  ductility  con¬ 
tribute  to  significant  tie  zone  formation  which  apparently 
increases  the  observed  critical  energy  release  rate  by 
several  hundred  J/m,2. 


2.  Slow,  stable  delamination  (mode  I,  fixed  grips,  8  plies): 

(I)  The  energy  release  rate  during  slow  growth  is  approxi¬ 
mately  15%  less  than  the  initiation  value  Gc  for  the 
brittle  system  (3502)  and  30%  less  than  Gc  for  the  tough 
system  (F185). 

(II)  For  the  brittle  system,  G^204a'0045  (dry,  RT)  and 

G  -195a * 004 6  (wet,  RT)  where  G  is  J/m^  and  l  is  cm/s. 

(III)  For  the  tough  system,  G  -1665a'022, 
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3 ,  Delamination  Energy  Release  Rate  Analysis: 

(I)  Deformation  of  the  laminate  ahead  of  the  crack  affects  stiff¬ 
ness  AND  ENERGY  RELEASE  RATE  AS  A  FUNCTION  OF  DELAMINATION 
LENGTH, 

(II)  For  mode  I,  a  model  consisting  of  a  beam  supported  at 

the  crack  tip  by  a  torsion  spring  (with  a  length- independent 
spring  constant)  can  be  used  to  predict  stiffness  and 
energy  release  rate  as  a  function  of  length. 

(III)  An  approximate  analytical  prediction  of  the  mode  I  spring 
constant  agrees  well  with  finite  element  solutions. 

(IV)  In  a  limited  analytical  study  of  mode  II  delamination, 

THE  CORRECTION  FOR  BEAM  DEFORMATION  NEAR  THE  CRACK  TIP 
IS  ESTIMATED  TO  BE  1/3  THAT  FOR  MODE  I. 


Effect  of  Matrix  Degradation: 

(I)  For  [+A5/902)s  tensile  coupons  with  a  20:1  width/thickness 

RATIO,  AXIAL  STIFFNESS  AND  DELAMINATION  ENERGY  RELEASE 
RATE  PREDICTIONS  USING  CLASSICAL  LAMINATION  THEORY  ARE 
IN  CONSIDERABLE  ERROR  WITH  FAT  I GUE" I NDUCED  MATRIX  DAMAGE. 

(II)  With  load  input  fixed,  the  delamination  energy  release 

RATE  INCREASES  WITH  MATRIX  DAMAGE;  BUT  IT  IS  NOT  HIGH 
ENOUGH  TO  CAUSE  DELAMINATION  UNTIL  THERE  IS  CONSIDERABLE 
MATRIX  DEGRADATION. 


5.  Residual  Stresses  in  Laminates: 

(I)  Studies  to  date  indicate  viscoelastic  effects  are  of 

SECONDARY  IMPORTANCE  DURING  COOL-DOWN,  BUT  MAY  BE  SIGNIFI¬ 
CANT  IN  THE  RESPONSE  TO  MOISTURE.  MEASURED  CURVATURES  OF 
NON-SYMMETRIC  LAMINATES  DEVIATE  NOTICEABLY  FROM  ELASTIC 
PREDICTIONS. 

(II)  A  CORRECT  TIME-TEMPERATURE-MOISTURE  ANALOGY  SHOULD  IN¬ 
CLUDE  VERTICAL  AS  WELL  AS  HORIZONTAL  SHIFT-FACTORS  TO 
MAKE  LONG-TIME  PREDICTIONS  FROM  SHORT-TERM  DATA. 
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Fig.  1  Total  critical  energy  release  rate  for  mixed  mode 
delamination  for  increasing  fraction  of  Mode  II. 
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Load  Versus  Time  With  Fixed  Grips  for  Split  Laminate 
During  (i)  Slow  Crack  Growth  (ii)  No  Growth. 


Fig.  5  Total  normalized  strain  energy  release 
rate  as  a  function  of  delamination 
length/ply  thickness  for  a  constant 
stress  condition.  [±45/9023s  tensile 
coupon  under  axial  stress  o0.  Total 
thickness  is  t  artu  matrix  modulus  is 


AS4/350?  Lam?^teUrVatUre  at  R°°m  TemPerature  Conditioned  at  163CF.  95?  RH.  [0/90/04/904/0/90] , 
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RESEARCH  INTO  THE  DESIGN  TECHNOLOGY 

OF 

ADVANCED  COMPOSITES 


a)  DAMAGE  TOLERANCE 

b)  AEROELASTICITY 


Paul  A,  Lagace 
John  Dugundji 


Technology  Laboratory  for  Advanced  Composites 
Massachusetts  Institute  of  Technology 
Cambridge,  Massachusetts,  02139 
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)  .  OBJECTIVES; 


a)  Damage  Tolerance,;  — 

"To  EXAMINE  THE  EFFECT  OF  FLAW  SIZE  AND 
STACKING  SEQUENCE  ON  FRACTURE  STRESS 
(PRESSURE)  AND  MODE  FOR  GRAPHITE/EPOXY 
CYLINDERS  AND  TO  PREDICT  THESE  FRACTURE 
STRESSES  USING  COUPON  (FLAT  PLATE)  DATA'  , 

‘  To  EXPLORE  POSSIBLE  MEANS  OF  SELECTIVELY 
REINFORCING  COMPOSITE  CYLINDERS  IN  ORDER 
TO  ARREST  CRACK  PROPAGATION' 


b)  Aeroelasticity-:  - 

■  To  STUDY  THE  EFFECT  OF  BENDING-TORSION 
STIFFNESS  COUPLING  IN  ADVANCED  COMPOSITES, 
ON  THE  AEROELASTIC  FLUTTER  AND  DIVERGENCE 
BEHAVIOR  OF  UNSWEPT  AND  FORWARD  SWEPT  WINGS 

*  TO  EXPLORE  AEROLEASTIC  BEHAVIOR  OF  WINGS 
AT  HIGH  AS  WELL  AS  LOW  ANGLES  OF  ATTACK - 
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CONCLUSIONS  TO  DATE 


a)  Damage  Tolerance: 

1  Fracture  data  obtained  from  coupon  tests  can  be 

USED  TO  PREDICT  THE  FAILURE  OF  GRAPHITE/EPOXY 
CYLINDERS  BY  CONSIDERING  THE  LOCAL  STRESS 
INTENSIFICATION  NEAR  THE  FLAW  DUE  TO  THE 
EFFECTS  OF  CURVATURE. 

■  Stacking  sequence  has  an  important  effect  on  the 

FAILURE  MODE  OF  GRAPHITE/EPOXY  CYLINDERS  WHILE 
FLAW  SIZE  DOES  NOT. 

‘  Selective  reinforcements  of  these  cylinders  did 

NOT  PREVENT  CATASTROPHIC  FAILURE  BUT  CAN  CHANGE 
THE  PATH  OF  DAMAGE  PROPAGATION, 

•  The  path  of  damage  propagation  in  these  selectively 

REINFORCED  CYLINDERS  IS  DEPENDENT  UPON  THE  STACKING 
SEQUENCE  OF  THE  REINFORCEMENT  PLIES. 

b)  Aeroelasticity: 

’  Wind  tunnel  tests  showed  divergence  and  B-T  flutter 

AT  LOW  ANGLES  OF  ATTACK;  T-STALL  FLUTTER  AND 
B-STALL  FLUTTER  AT  HIGH  ANGLES  OF  ATTACK. 

1  BENDING-TORSION  STIFFNESS  COUPLING  CAN  BE  BENEFICIAL 
IN  DELAYING  OR  ELIMINATING  DIVERGENCE  AND 
FLUTTER  IN  FORWARD  SWEPT  WINGS. 

•  There  was  reasonable  agreement  between  test  and 

THEORY  AT  LOW  ANGLES  OF  ATTACK  FOR  DIVERGENCE 
AND  FLUTTER. 
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CHARACTERISTICS  OF  TEST  SPECIMENS 


Hercules  A370- SH/3S01 - 6  Graphite/Epoxy  Cloth 


CURED  PER  PLY  THICKNESS  0.35  MM 

WARP  MODULUS,  EL  72  GPA 

FILL  MODULUS,  Ey  72  GPA 

WARP  POISSON  RATIO,  v  0.06 

FILL  POISSON  RATIO,  0.06  Fill 

SHEAR  MODULUS,  6lJ  4,5  GPA 

TENSILE  STRENGTH 

WARP,  799  MPA 

FILL,  °T  712  MPA 


Varp 

A  A 

t  T 


CYLINDER  SPECIMEN  COUPON  SPECIMEN 
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Cl  tV  1  i )  ij't  i_n 


CORRELATION  OF  PRESSURIZED  CYLINDER  DATA 


correction: 


plate  (1  +  0.317  X2) 


2  _  a 


2  (12  (1  -  v2)) 


FOLIAS 


ISOTROPIC 


EXTEND  TO  SPECIALLY  ORTHOTROPIC-* 

AND  USE  NUMERICAL  TECHNIQUES  AND 
INCLUDE  TRANSVERSE  SHEAR 
CONSIDERATIONS  WITH: 


a2  {12  (1  -  v^v„)(|i)}35 
A  =  - - - =* -  KRZNX 


rE l  et 

2(1  +  / vLT  vTL ) 


MAK-I.IN  :  af  =  Hc(2a) 


<0,45>S 
<  45..  0  >S 
PLATE 
UERSUS 
SHELL 


EXPERIMENT 


m  =  .28 

Hc  =  4=  ksi(in)'28 
- - -  PLATE 


(SPEC  I AUY 
ORTHOTROPIC) 


FOLIAS  (ISOTROPIC) 


•SHELL 


2.00 

SLIT  LENGTH  2A,  INCHES 


4.00 


FAILURE  MODES  OF  UNREINFORCED  CYLINDERS 


FAILURE  MODI  —  CO , A5) g  LAMINATE 


FAILURE  MODE  --  (45,0)  LAMINATE 
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FAILURE  MODES  OF  REINFORCED  CYLINDERS 


Reinforcements 


CASE  2 

FAILURE  MOD £  —  (0,45/  REINFORCED 

s 


FOUR  PLIES  OUTER  SURFACE  ONLY 

TWO  PLIES  INNER  SURFACE;  TWO 
PLIES  OUTER  SURFACE 


Reinforcements 


CASE  3  INTERLEAVED:  CLOTH 

—TAPE 

CLOTH 

failure  mode  —  co ,  5) s  reinforced  _ TAPE 

—TAPE 

CLOTH 

—TAPE 

CLOTH 
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WING  MODEL  IN  WIND  TUNNEL 


X  AcousTi'c  Wind  Tunnel 
1.5  m  *  2.-3  m  (  S'  *  7. 5'  \ 

U  =  Q  -  J2.  m/s  (  0  -  los'/s) 


01 


3i 


FLUTTER  AND  DIVERGENCE  SPEEDS 

r-r  i  qw  or  m<r 


L^rni^fl.’hs.  Ah^le. 


0 


ADP001263 


1 


NONLINEAR  TRANSIENT  ANALYSIS  OF  COMPOSITE  PLATES 


J.  N.  REDDY 

Professor 

Department  of  Engineering  Science  and  Mechanics 
Virginia  Polytechnic  Institute 


Sponsored  by 

THE  AIR  FORCE  OFFICE  OF  SCIENTIFIC  RESEARCH 
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OBJECTIVES 


TO  DEVELOPS 

•  A  FINITE  ELEMENT  FOR  TRANSIENT  ANALYSIS  - 

shear  -deformation  theory 

geometric  noninearity  (in  the  von  Karman  sense)  ' 

•  ANALYTICAL  SOLUTIONS  FOR  VERIFICATION 
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CONCLUSIONS 


•  global  response  is  accurate 

•  transverse  shear  effect  is  significant 

•  coupling  effect  is  significant 

•  local  response  is  not  good 

•  stress  waves  due  to  impact  cannot  be 

predicted 
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Laminated  plate 


Constructed 


terrv^tneous>  orfcotrovc 
oj-  ur\d%rm 


“thfcXntSS 


Homogeneous, 
anisotropic  plate 


Cm  p\a+e  caofdifNcftes^ 
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variat'qnal  formulation  of 

TRP  GOVERNING  EQUATIONS 


Gov <r nine  equations  •. 

N,-x+wm  =  P^u+R^ 

Wt.x  +Mi(M  = 

^I.x  +  Ql.^  +<AP(N;1v«)  ■=  pw,^ 

^%-QriyR^ 

+ Ml  V1" 

Cp.r.i)  =J  ai,**)pd% 

'Nx  - 

Va.rialiorvJ  For^ulc^-ton 

0  1 Sa  CP“-.« + R^.tt)  +  su>u  na + ^u>1  fJt+  -» 

^  ist  N,  +  a*v»  »w  .  aju,  lw  , 

»X  w  '  -ST  s  N‘+  g*  %Nt+^8g»t 

+  |  Liu„  M„  +  SM,N„t)ds  +[  tw  %#>  +f(«-><M+8i.M^ds 
c»  Jr  < 
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FINITE  ELEMENT  MODEL 


Unecdr 

4 


4 


20X10 


^1"  = 


SenervdipVt^ 

♦  —  » . -f 


4 


40X40 


45x45 


K)o4rroa4c’s  diietV  Kkr*e  C^-’/v, >^’4) 

Reduced  Irftejv&tftn : 

*  fu\\  inte$*vttor> 

*  rec*uc€d  »nHg  mtfon 

linear 


TIME  INTEGRATION  SCHEME 


y  vaw=ij>x=0 


Figure  1.  Finite-element  inesh  and  boundary  conditions 

for  isotropic  rectangular  plates  under  suddenly 
applied  pressure  loading  at  the  center. 


y 

v*w=ij»  -0 
x 


BC1:  u(0,y)=v(x,0)=0 
BC2:  u(y,0)3v(0,y)*0 


Figure  2.  Finite-element  mesh  and  boundary  conditions 
for  isotropic  square  plates  under  suddenly 
applied  pressure  loading. 
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w  =wEha/(Jrq  ) 
t 

At*0 . 1 
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(thick)  \ 
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A  A 
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z 


1.  2.  3.  4.  5.  6.  7.  8. 

Nondimensionali zed  cime,  t 
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Figure  3.  Norulimensional ized  center  deflection  and  bending  moment 
versus  nondimensional ized  time  for  simply  supported 
rectangular  plates  (v  =  0.3  )  under  suddenly  applied 
pressure  loading  at  the  center  square  area  (4x4  mesh). 
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10 


load-deflection 

curve 


Time,  t  (sec.) 


Figure  4.  Nonlinear  transient  response  of  isotropic  plates 

(see  Figure  2  for  the  data  and  finite 
element  mesh  and  boundary  conditions)under  suddenly 
applied  uniformly  distributed  loads. 
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CRACK  GROWTH  RESISTANCE  CURVES 


SPLACEMENT  CRACK  LENGTH 


STRENGTH  VS.  SIZE  APPROACH 
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EQUAL  TO  THE  PARTICLE  SIZE 
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CALCULATE  REINFORCED  STRENGTH  BASED  UPON  ASSEMBLAGE  MODEL 
AND  COMPARE  TO  EXPERIMENTS 


CRITICAL  MATRIX  STRESS  APPROACH 
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THE  SAME  MATRIX  STRESS-STRAIN  CURVE 


CRITICAL  MATRIX  STRESS  APPROACH 
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RESULTING  COMPOSITE  WILL  SHOW  NON¬ 
LINEAR  STRESS-STRAIN  RESPONSE  THAT 
IS  A  FUNCTION  OF  THE  WHISKER  VOLUME 
FRACTION 
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TITLE:  POSTBUCKLING  BEHAVIOR  OF  GRAPHITE-EPOXY  PANELS  LOADED  IN  COMPRESSION 
J.  H.  Starnes,  Jr.,  M.  Rouse,  M.  Stein,  and  N.  Knight,  Jr.,  NASA  Langley 
Research  Center 

A  summary  of  recent  NASA  Langley  Research  Center  studies  of  the  post- 
buckling  behavior  of  graphite-epoxy  panels  loaded  in  compression  is  presented. 
Results  for  both  unstiffened  and  stiffened  flat  panels  are  described.  Typical 
experimental  and  analytical  results  are  compared.  The  parameters  that  govern 
postbuckling  response  are  identified.  In  addition  to  the  orthotropic  plate 
buckling  parameters,  only  one  new  parameter  is  needed  to  describe  the  post¬ 
buckling  response  of  an  orthotropic  plate  loaded  in  compression.  The  failure 
modes  that  limit  postbuckling  strength  are  described.  Failures  occur  due  to 
high  transverse  shearing  forces  or  skin-stiffener  separation.  The  effects 
of  circular  holes  and  low-speed  impact  damage  on  postbuckling  strength  are 
described. 


TITLE:  SPECTRUM  FATIGUE  BAHAVIOR  OF  POSTBUCKLED  SHEAR  PANELS 
B.  L.  Agerwall ,  Northorp  Corporation 

An  experimental  program  was  conducted  to  examine  the  room  temperature, 
dry  postbuckling  behavior  of  composite  shear  panels  under  typical  V/STOL 
spectrum  fatigue  loading.  Tests  were  also  conducted  to  supplement  previously 
obtained  constant  amplitude  test  data  to  define  a  fatigue  life  curve.  The 
constant  amplitude  fatigue  life  curves  was  used  to  predict  fatigue  life 
under  spectrum  loading. 

The  panels  tested  under  spectrum  loading  demonstrated  excellent  fatigue 
life.  The  panels  subjected  to  maximum  spectrum  loads  of  80  percent  of  the 
average  static  strength,  survived  two  lifetimes  without  any  loss  in  stiffeners 
or  strength.  These  results  indicate  that  fatigue  loading  is  not  likely  to 
be  a  significant  factor  in  the  design  of  postbuckled  composite  shear 
panels,  especially  under  room  temperature  dry  conditions. 

Three  constant  amplitude  fatigue  tests,  in  addition  to  twelve  panel  tests 
conducted  under  a  previous  Navy  program  were  used  to  obtain  the  fatigue  life 
curve  for  panels  subjected  to  constant  amplitude  fatigue  loading.  The  fatigue 
life  curve  was  used  in  conjunction  with  Miner's  rule  to  predict  the  fatigue 
life  of  panels  subjected  to  spectrum  loading.  Good  correlation  between  predicted 
and  experimentally  obtained  fatigue  lives  was  obtained. 


TITLE:  DEVELOPMENT  OF  ANALYSIS  FOR  PREDICTING  COMPRESSION  FATIGUE  LIFE  AND 
RESIDUAL  STRENGTH  IN  COMPOSITES 
M.  Ratwani  and  H.  Kan,  Northrop  Corporation 

A  generalized  macromechanics  model,  based  on  the  delamination  propagation 
between  the  plies  of  a  composite  laminate,  has  been  developed  for  predicting 
compression  fatigue  life  and  residual  strength  in  composites.  The  model  is 
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applicable  to  laminates  in  which  significant  interlaminar  shear  and  normal 
stresses  are  present. 

Test  data  have  been  generated  under  both  constant  amplitude  and  flight- 
by-flight  spectrum  loading  on  two  different  AS/3501-6  graphi te/epoxy  lami¬ 
nates.  Good  correlation  between  experimentally  observed  constant  amplitude 
fatigue  data  and  analytical  predictions  has  been  obtained.  Residual  strength 
test  data  also  show  good  agreement  with  predictions. 


TITLE:  MICROBUCKLING  INITIATED  FAILURE  IN  TOUGH  RESIN  LAMINATES 
J.  Williams,  NASA  Langley  Research  Center 

Local  discontinuities  such  as  holes  and  damage  resulting  from  impact  can 
cause  significant  reductions  in  the  strength  of  compression  loaded  graphite- 
epoxy  laminates  and  structures.  Recent  studies  indicate  delamination-resistant 
resins  can  improve  the  residual  strength  of  graphite-epoxy  laminates  damaged  by 
impact,  however,  the  compressive  strength  of  delamination-resistant  laminates 
with  holes  is  not  increased.  To  understand  this  paradox,  the  mechanisms  of 
failure  are  examined  and  an  explanation  for  the  different  effects  is  proposed 
based  on  experimental  evidence.  The  residual  strength  of  two  stiffened  panels 
(one  constructed  using  a  delamination-prone  resin  and  the  other  a  delamination- 
resistant  resin)  following  the  local  failure  of  one  of  the  stiffeners  is  compared 
and  discussed  relative  to  compression  failure  mechanisms. 


TITLE:  SUMMARY  OF  IMPACT  WORK  IN  THE  FATIGUE  AND  FRACTURE  BRANCH 
W.  1 1  lg,  NASA  Langley 

Progress  was  made  in  five  areas  of  impact  research  and  phenomena:  (1) 
the  effects  of  a  polysulfone  matrix  versus  epoxy,  (2)  an  analysis  to  predict 
progressive  impact  damage,  (3)  the  effects  of  deliberate  partial  bonding  on 
impact  resistance  under  axial  preload,  (4)  ultrasonic  evaluation  of  impact 
damage,  and  (5)  a  semi-empirical  technique  to  predict  the  residual  tensile 
strength  after  impact.  In  all  of  these  efforts,  quasi -isotropic  graphite- 
reinforced  polymers  were  used.  Using  quasi-static  transverse  loading,  it 
was  shown  that  in  small  circular  plates  significant  delamination  preceded 
fiber  failure,  whereas  the  reverse  was  true  in  large  plates.  A  laminate 
with  a  ductile  matrix  reached  the  same  maximum  load  as  epoxy,  but  with  much 
less  delamination.  A  potential  energy  model  of  the  circular  plates 
predicted  damage  accumulation  in  the  correct  sequence.  Partial  bonding, 
although  effectively  increasing  fracture  strength,  drastically  reduced 
the  compressive  prestrain  that  could  be  sustained  under  impact.  A  new 
frequency-sweep  C-scan  showed  promise  to  differentiate  modes  of  impact 
damage.  A  fracture  mechanics  correlation  was  used  to  conservati vely  predict 
residual  tensile  strengths. 


TITLE:  CHARACTERIZATION  OF  INTERLAMINAR  FRACTURE  TOUGHNESS  IN  COMPOSITE  MATERIALS 
James  M.  Whitney,  AFWAL/Materials  Laboratory 

The  double  cantilever  beam  test  is  examined  as  a  candidate  for  measuring 
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ii  interlaminar  fracture  resistance  as  related  to  normal  stress  induced  delamination, 

jj  A  number  of  approaches  to  data  reduction  schemes  used  in  conjunction  with  this 

|  test  method  for  determining  critical  strain  energy  release  rate  are  discussed. 

J  Experimental  data  on  unidirectional  tape  graphite  fiber  reinforced  polymeric 

i  matrix  composites  are  compared  to  assess  the  potential  of  the  double  cantilever 

1  beam  test  as  a  materials  screening  tool.  Matrix  materials  of  varying  inherent 

toughness  were  chosen  for  comparative  purposes.  Center  notch  data  for 
90-degree  unidirectional  graphite-epoxy  composites  were  also  obtained  as  a 
basis  for  test  method  comparison. 


TITLE:  COMPOSITE  DEFECT  SIGNIFICANCE 

S.  Chatterjee,  Materials  Sciences  Corporation  and  R.  B.  Pipes,  University  of 
Delaware 

The  state  of  the  art  of  nondestructive  and  analytical  evaluation  of 
criticality  of  defects  in  composite  laminates  is  reviewed.  Methods  based 
on  uincepls  of  I  r.icturo  Mechanics  for  modeling  growth  is  isolated  disbonds 
in  laminated  beams  and  plates  under  transverse  shear  are  extended  to  consider 
the  effects  of  multiple  disbonds.  Results  from  tests  on  disbonded  laminates 
under  transverse  and  inplane  loads  are  correlated  with  analytical  results. 
Disbond  growth  in  presence  of  geometric  discontinuities  are  also  examined. 


TITLE:  SUPERPOSITION  METHOD  FOR  ANALYSIS  OF  FREE  EDGE  STRESSES 
J.  Whitcomb  and  I.  Raju,  NASA  Langley  Research  Center 

Superposition  principles  were  used  to  simplify  free  edge  stress  analysis 
by  eliminating  loads  not  contributing  to  the  edge  stresses.  The  technique  is 
applicable  to  mechanical,  thermal,  and  hygroscopic  loads.  A  two-dimensional 
analysis  is  described  for  calculation  of  interlaminar  normal  stresses  in 
quasi-isotropic  laminates. 


TITLE:  MECHANICS  OF  DELAMINATION  UNDER  COMPRESSIVE  LOADS 
A.  S.  D.  Wang,  Drexel  University 

The  delamination  mechanisms  in  graphite-epoxy  laminates  subjected  to 
compressive  loads  are  studied.  Experiments  using  AS-3501-06  material 
systems  have  been  conducted  under  both  static  and  fatigue  compressive 
loadings.  Delaminations  caused  by  free  edge  interlaminar  stress  and  by 
inplanted  interlaminar  flaws  are  monitored  during  the  course  of  growth. 

An  analytical  fracture  mechanics  model  is  used  to  predict  the  initiatic; 
of  delamination  under  static  loading;  and  a  fatigue  growth  model  based 
on  the  same  concept  is  also  suggested. 
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TITLE:  A  CUMULATIVE  DAMAGE  MODEL  FOR  ADVANCED  COMPOSITE  MATERIALS 
P.  Chou,  Dyna  East  Corporation 


A  mechanics  model  is  proposed  to  explain  the  formation  of  transverse 
cracks  in  the  90-degree  plies  and  the  free  edge  delamination  between  plies 
in  laminated  composite  materials  under  tension  fatigue  loading.  The  model 
is  based  on  the  assumption  that  the  length  of  the  inherent  microcracks  in 
the  material  has  a  random  distribution.  Under  a  given  load,  each  initial 
crack  is  associated  with  a  critical  fatigue  cycle  that  caused  it  to  propa¬ 
gate.  This  critical  cycle  is  calculated  by  fracture  mechanics  principles, 
using  a  finite-element  program  and  the  energy  release  rate  approach. 

Results  from  the  model  are  compared  with  experimental  data.  The  calculated 
crack  density  (number  of  cracks  per  unit  length)  as  a  function  of  the 
fatigue  cycle  compares  favorably  with  experimental  measurement. 


TITLE:  PROPERTY  DEGRADATION  APPROACH  TO  CUMULATIVE  DAMAGE  MODELING  OF 
ADVANCED  COMPOSITES 

W.  Stinchcomb,  K.  Reifsnider,  Virginia  Polytechnic  Institute  and  State 
University,  and  D.  Ulman,  General  Dynamics/Fort  Worth  Division 

A  mechanistic  cumulative  damage  model  based  upon  experimentally 
observed  damage  modes  was  developed  for  advanced  composite  materials. 

The  model  uses  the  degradation  of  material  properties  of  the  individual 
lamina  as  well  as  the  laminate  with  damage  development.  Principals  of 
mechanics  are  applied  to  determine  the  stress  redistribution  associated 
with  a  given  damage  state.  Stiffness  change  is  used  as  a  direct 
measurement  of  laminate  property  degradation  and  as  a  verification  of  the 
effects  of  the  redistributed  stress  state.  The  residual  strength  of 
the  laminate  associated  with  a  damage  state  can  then  be  computed  as  a 
function  of  such  variables  as  the  redistributed  0-degree  ply  stress 
and  interlaminar  integrity  (delamination).  Stiffness  retention  and 
damage  accumulation  curves  versus  load  history  are  used  to  generate 
residual  strength  and  lifetime  predictions. 


TITLE:  FATIGUE  DAMAGE-STRENGTH  RELATIONSHIPS  IN  COMPOSITE  LAMINATES 
K.  Reifsnider,  W.  Stinchcomb,  E.  Henneke,  II,  J.  Duke,  Jr.,  and  R.  Jamison, 
Virginia  Polytechnic  Institute  and  State  University 

It  is  the  general  objective  of  this  research  program  to  determine  the 
precise  nature  of  the  micro-events  that  degrade  the  integrity  of  composite 
laminates  during  cyclic  loading,  especially  those  events  which  are  ultimately 
and  directly  associated  with  changes  in  the  strength  of  the  laminates. 
Long-term  behavior  has  been  the  principal  focus  of  our  investigation  since 
such  situations  correspond  to  cyclic  load  levels  which  are  common  to 
engineering  applications,  and  strength  reductions  for  finite  life  at  such 
load  amplitudes  is  very  large,  commonly  30-50  percent.  Investigations  to 
date  have  established  the  nature  of  the  micro-events  collectively  called 
damage,  and  the  states  of  damage  that-  immediately  precede  the  fracture 
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event.  Salient  results  include  a  surprising  role  played  by  internal  stress 
redistribution  due  to  local  damage  events  and  a  history  of  fiber  fracture 
events  that  is  quite  unexpectedly  dependent  or,  laminate  type.  The  actual 
fracture  event  itself  is  also  discussed. 


TITLE:  LAYUP  AND  FREQUENCY  EFFECTS  ON  FATIGUE  LIFE  OF  COMPOSITES 
C.  Saff,  McDonnell  Aircraft 

One  of  the  advantages  of  graphite/epoxy  composites  in  fighter  aircraft 
structures  is  its  very  long  fatigue  life.  At  current  design  strain  levels, 
element  fatigue  test  lives  exceed  design  requirements  by  orders  of  magnitude. 
Because  lives  are  so  long,  element  tests  are  generally  run  at  frequencies  of 
about  10  Hz.  These  frequencies  are  significantly  higher  than  those  experienced 
in  fighter  aircraft  structure,  since  maximum  wing  loads  occur  during  high  g 
maneuvers  generally  applied  at  frequencies  of  nearly  0.1  Hz.  Tests  of  some 
graphite-epoxy  laminates  show  that  fatigue  life  can  be  proportional  to  cyclic 
frequency.  In  these  cases,  data  from  high  frequency  tests  would  not  provide 
accurate  assessment  of  life  under  service  loadings. 

The  objectives  of  this  program  were  to  determine  the  load  frequency 
sensitivity  of  layups  typical  of  those  used  in  aircraft  structure  and  to 
develop  analysis  techniques  which  could  be  used  to  identify  particularly 
sensitive  layups  so  that  their  behavior  could  be  accounted  for  in  structural 
design  and  analysis. 

Test  results  from  this  program  show  that  load  frequencies  below  1  Hz 
produce  a  measurable  reduction  in  graphite/epoxy  fatigue  life.  This  reduction 
is  greatest  in  matrix  dominated  layups  (less  than  25  percent  0-degree  fibers), 
but  is  still  significant  in  fiber  dominated  layups. 

The  effect  of  load  frequency  on  life  under  reversed  load  (R=l )  constant 
amplitude  fatigue  is  related  to  time  at  load.  Trapezoidal  waves,  having  long 
times  at  peak  load,  produce  greater  reduction  in  life  than  do  sine  wave 
loadings.  Also,  the  effect  of  load  frequency  of  life  is  greater  at  high 
stress  levels. 

At  high  frequencies,  temperatures  in  graphite/epoxy  laminates  increase 
rapidly  at  holes.  If  measures  are  not  taken  to  cool  the  specimens,  fatigue 
life  is  adversely  affected.  This  effect  was  alleviated  in  this  program  by 
usiig  a  cooling  coil  and  vortex  splitter  refrigeration  device  controlled  by 
a  thermocouple  located  near  the  hole. 

A  method  was  developed  for  predicting  the  effect  of  load  frequency, 
layup,  load  wave  shape,  and  stress  level  on  fatigue  life  of  graphite/epoxy 
composites  under  reversed  loadings.  This  method  is  based  on  the  energy 
absorbed  by  the  laminate  per  cycle  and  accounts  for  a  time  dependent  change 
in  gross  strain  found  to  occur  under  sustained  loads. 
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TITLE:  EFFECT  OF  STRESS  RATIO  ON  FATIGUE  LIFE  OF  COMPOSITES 
G.  P.  Sendeckyj,  AFWAL/Flight  Dynamics  Laboratory 


A  necessary  step  in  the  formulation  of  life  analysis  methods  for  compos¬ 
ite  materials  is  the  development  of  a  fatigue  data  representation  that  properly 
accounts  for  the  stress  ratio  dependence.  While  many  representations  are  pos¬ 
sible,  the  best  can  only  be  developed  based  on  analysis  of  experimental  data. 
With  this  in  mind,  we  conducted  an  experimental  program  to  generate  constant 
amplitude,  tension- tension,  fatigue  data  at  different  stress  ratios  for  glass- 
epoxy  and  graphite-epoxy  laminates. 

General  forms  of  the  residual  strength  fatigue  model  were  fitted  to  the 
data  with  the  following  results: 

(a)  The  three-parameter  residual  strength  model  proposed  by  Yang,  etc. 
does  not  provide  a  good  representation  of  the  data. 

(b)  A  new  four-parameter  model  provides  a  good  representation  of  the  data, 
but  exhibits  local  maximum  when  using  the  maximum  shape  parameter  model  fitting 
procedure. 

The  derivation  of  the  general  residual  strength  degradation  model  will  be 
presented.  The  procedure  for  testing  various  forms  of  the  model  against  exper¬ 
imental  data  will  be  shown  in  detail. 


TITLE:  HIGH-LOAD  TRANSFER  JOINTS  FOR  WING  STRUCTURES 
S.  Garbo  and  D.  Buchanan,  McDonnell  Aircraft 

The  objective  of  this  program  was  to  demonstrate,  through  analysis  and 
test,  the  potential  of  bolted  metal -to-composite  joints  for  high-load-transfer 
applications  (20,000  to  30,000  lb/inch).  These  joints  were  designed  to  the 
structural  requirements  of  the  adhesive  bonded  step-lap  joint  currently  found 
in  the  McDonnell  Aircraft  (MCAIR)  F/A-18  Hornet  wing  root.  Parametric  studies 
were  performed,  evaluating  such  design  variables  as  the  thickness  and  width  of 
the  member,  the  number  of  fasteners  and  fastener  spring  rates,  layup 
variations,  local  laminate  softening,  and  hole  tolerance.  The  effects  of 
bypass  and  bearing  load  interactions  were  also  considered. 

Two  designs  were  selected  as  a  result  of  these  trade  studies.  Both 
incorporated  spanwise  geometric  tailoring  of  both  composite  and  metal  members, 
but  one  also  used  laminate  softening"  strips  in  which  0-degree  plies  local  to 
the  fastener  hole  were  replaced  by  ±45-degree  plies. 

Specimens  of  both  designs  were  tested  under  tension-dominated  static 
loads  and  spectrum  fatigue  cycling  in  a  dry,  room  temperature  environment. 

Both  joints  survived  two  lifetimes  fatigue  exposure  with  no  change  in 
mechanical  properties.  Predicted  static  strengths  were  within  5^  of  test 
data,  and  residual  strength  data  were  equal  to  or  greater  than  static  strength 
data. 
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The  structural  efficiency  and  manufacturing  costs  of  both  of  these  bolted 
designs  were  evaluated  and  compared  to  the  current  adhesive  bonded  step-lap 
joint.  Weight  studies  indicated  that  step-lap  bonded  joints  were  structurally 
more  efficient,  but  differences  in  relative  cost  were  insignificant. 

Additional  design  options  were  also  identified  which  could  potentially  reduce 
cost  and  weight. 

Results  were  encouraging  enough  that  a  follow-on  program  was  initiated  to 
further  develop  high-load-transfer  bolted  composite  joints  for  tension  as  well 
as  compression  loadings,  with  expanded  structural  verification,  including  full 
scale  testing. 

The  completed  work  was  conducted  under  Navy  Contract  N62269-80-C-0285  and 
contract  activities  are  detailed  in  Navy  Report  NADC-81 1 94-60 .  The  current 
work  is  being  conducted  under  Navy  Contract  N62269-82-C-0238. 


TITLE:  DESIGN  METHODOLOGY  FOR  B0NDED-B0LTED  COMPOSITE  JOINTS 
J.  Hart-Smith,  McDonnell  Douglas  Corporation 

This  report  contains  recent  developments  in  three  aspects  of  joints  in 
advanced  fibrous  composite  structures:  (1)  nonlinear  analysis  of  adhesively- 
bonded  stepped-lap  joints  and  doublers,  (2)  multirow  mechanically  fastened 
joints  in  aerospace  structures,  and  (3)  nonlinear  analysis  of  combined 
bonded  and  bolted  joints.  The  methods  developed  include  nonlinearities 
needed  for  metal  structures  as  well  as  those  for  composites.  The  analyses 
are  based  on  continum  mechanics  techniques  and  have  been  coded  into  three 
Fortran  IV  digital  computer  programs  A4EI,  A4EJ ,  and  A4EK  respectively. 

The  report  contains  explanations  of  the  derivations  of  the  solutions  as 
well  as  sample  worked  problems  to  illustrate  both  the  capabilities  of  the 
programs  and  the  characteristic  behavior  of  the  real  structures. 


TITLE:  INTERPLY  LAYER  PROGRESSIVE  WEAKENING  EFFECTS  ON  COMPOSITE 
STRUCTURAL  RESPONSE 
C.  Chamis,  NASA  Lewis  Research  Center 

The  presentation  summarizes  recent  research  activities  at  Lewis  to 
computational ly  determine  and  assess  the  effects  of  interply  layer  progressive 
weakening  (degradation)  on  the  structural  response  of  a  layered  composite 
beam.  The  structural  response  of  interest  includes:  (1)  bending;  (2) 
buckling;  (3)  free  vibrations;  (4)  periodic  excitation;  and  (5)  impact. 

Finite  elements  analysis  was  used  for  the  computational  method.  The  interply 
layer  degradation  effects  on  the  various  structural  responses  were  determined 
and  assessed  as  a  function  of  the  interply  layer  modulus  varying  from  one 
million  psi  down  to  1000  psi  and  even  lower  for  some  limiting  cases.  The 
results  obtained  show  that  the  interply  layer  degradation  has  negligible 
effect  on  composite  structural  integrity  for  interply  layer  modulus  greater 
than  about  10,000  psi. 
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TITLE:  RESEARCH  ON  COMPOSITE  MATERIALS  FOR  STRUCTURAL  DESIGN 
R.  Schapery,  Texas  A&M  University 

Research  on  composites  at  Texas  A&M  University  sponsored  by  the  Air  Force 
Office  of  Scientific  Research  is  reviewed.  Much  of  the  effort  is  concerned 
with  several  student/faculty  research  projects.  The  following  five  studies 
are  nearing  completion  or  are  completed,  and  they  are  reviewed:  "Effect  of 
Resin  Toughness  on  Fracture  Behavior  of  Graphite/Epoxy  Composites",  (Cohen/ 
Bradley):  "Slow,  Stable  Delamination  in  Graphite/Epoxy  Composites",  (Razi/ 
Schapery);  "Evaluation  of  Energy  Release  Rates  in  Unidirectional  Split  Laminate 
Specimens",  (Weatherby/Schapery ) ;  "Analysis  of  the  Effect  of  Matrix  Degradation 
on  Fatigue  Behavior  of  a  Graphite/Epoxy  Laminate",  (Arenburg/Schapery) ;  "On  the 
Effects  of  Post  Cure  Cool  Down  and  Environmental  Conditioning  on  Residual  Stresses 
in  Composite  Laminates",  (Harper/Weitsman) . 


TITLE:  IMPERFECTION  SENSITIVITY  OF  FIBER-REINFORCED,  COMPOSITE,  THIN  CYLINDERS 
G.  Simitses,  D.  Shaw  and  I.  Sheinman,  Georgia  Institute  of  Technology 

The  imperfection  sensitivity  of  thin  cylindrical  shells  made  out  of  fiber- 
reinforced  composite  material  and  subjected  to  uniform  axial  compression  is 
investigated.  The  methodology  is  based  on  linear  constitutive  relations,  nonlinear 
kinematic  shell  equations  (Donnell-type)  and  the  usual  laminated  theory.  The 
laminate  consists  of  orthotropic  laminae,  stacked  in  a  general  manner  (asym¬ 
metric  laminate).  The  uniform  axial  compression  is  applied  eccentrically,  and 
the  geometrically  imperfect  cylindrical  shell  can  be  supported  in  various  ways 
at  the  boundaries.  In  this  investigation  a  number  of  parametric  studies  are  per¬ 
formed.  The  scope  of  these  studies  is  to  establish  the  effect  of  (a)  in-plane 
and  transverse  boundary  conditions  and  (b)  load  eccentricity  on  the  critical  load 
of  a  typical  Boron/Epoxy  laminate  with  various  stacking  sequences  of  laminae. 


TITLE:  RESEARCH  INTO  THE  DESIGN  TECHNOLOGY  OF  ADVANCED  COMPOSITES 
P.  Lagace  and  J.  Dugundji,  Massachusetts  Institute  of  Technology 

Two  areas  of  current  research  will  be  described:  (a)  Damage  Tolerance: 

The  fracture  behavior  of  pressurized  graphite/epoxy  cylinders  was  investigated. 
The  cylinders  were  582  mm  long  and  305  mm  in  diameter  and  were  manufactured  from 
Hercules  A370- 5H/3501 -6  prepreg  cloth  in  4-ply  configurations:  (0,45L  and 
(45,0)s>  The  fracture  point  of  the  cylinders  is  well  predicted  from  flat 
coupon  data  corrected  for  the  effects  of  curvature.  In  addition,  circum¬ 
ferentially  wrapped  unidirectional  plies  of  Hercules  AS1/3501-6  tape  of 
various  stacking  sequences  were  used  as  selective  reinforcement  on  several 
( 0 , 45 ) s  cylinders.  These  reinforcing  plies  did  change  the  path  of  damage 
propagation  but  did  not  prevent  catastrophic  failure,  (b)  Aeroelasticity : 
Aeroelastic  flutter  and  divergence  of  graphite/epoxy,  cantilevered  plates 
with  various  amounts  of  bending-torsion  stiffness  coupling  was  investigated 
for  incompressible  flow,  at  both  0°  and  30°  forward  sweep.  Wind  tunnel 
tests  indicated  divergence,  bending-torsion  flutter,  and  stall  flutter. 

Tests  agreed  reasonably  with  theory  at  low  angels  of  attack. 
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TITLE:  NONLINEAR  TRANSIENT  ANALYSIS  OF  COMPOSITE  PLATES: 

J.  Reddy,  Virginia  Polytechnic  Institute  and  State  University 

Forced  motions  of  laminated,  anisotropic  composite  plates  are  investigated 
using  laminated  plate  theory  that  account  for  geometric  nonlinearity  in  the 
von  Karman  sense.  The  finite  element  method  is  used  to  solve  the  equations 
numerically.  For  two  different  lamination  schemes,  under  appropriate  edge 
conditions  and  sinusiodal  distribution  of  the  transverse  load,  the  exact 
form  of  the  spatial  variation  of  the  linear  solution  is  obtained  to  validate 
the  finite  element  analysis.  The  effect  of  edge  conditions,  lamination  schemes, 
and  plate  side-to-thickness  ratio  on  the  global  response  of  composite  plates  is 
investigated.  The  finite  element  results  are  found  to  agree  very  closely  with 
the  analytical  results.  It  is  also  found  that  the  transient  response  of  composite 
plates  is  very  sensitive  to  edge  conditions,  plate  side-to-thickness  ratio, 
lamination  schemes,  and  geometric  nonlinearity.  Current  research  in  the 
transient  analysis  of  composite  plates  and  shells  is  also  reviewed. 


TITLE:  IMPROVED  CERAMIC  FRACTURE  BEHAVIOR  FOR  HIGH  TEMPERATURE  TURBINE 
APPLICATIONS 

K.  Buesking,  5.  Chatterjee,  B.  Rosen,  Materials  Sciences  Corporation 

Several  analytical  models  for  assessing  the  fracture  toughness  and/or 
tensile  strength  of  a  whisker  reinforced  ceramic  are  identified.  One  model, 
referred  to  as  the  tortuous  path  approach,  relates  the  material  fracture 
toughness  to  the  increased  energy  required  for  a  crack  to  change  directions 
as  it  grows  around  whiskers.  Another  model,  identified  as  strength  versus 
size,  relates  increases  in  tensile  strength  to  statistical  parameters 
which  describe  the  size  of  local  unreinforced  matrix  elements.  The  third 
approach,  known  as  the  critical  matrix  stress,  bases  tensile  failure  on  the 
average  stress  state  in  the  matr  x  phase  of  the  composite. 

The  models  will  be  tested  for  feasibility  by  comparing  theoretical 
predictions  to  measured  data  from  mechanical  tests  of  whisker  reinforced 
ceramics.  Based  upon  the  comparisons,  a  particular  theory  will  be  chosen 
for  development  into  a  meterial  design  aid. 
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APPENDIX  B 


PROGRAM  LISTINGS 
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AIR  FORCE  WRIGHT  AERONAUTICAL  LABORATORIES 
MATERIALS  LABORATORY 


INHOUSE 

AOVANCEO  COMPOSITES 

WORK  UNIT  DIRECTIVE  (WUD)  NUMBER  45 

77  April  -  84  April 

WUD  Leader:  James  M.  Whitney 

Materials  Laboratory 

Air  Force  Wright  Aeronautical  Laboratories 
AFWAL/MLBM 

Wright-Patterson  AFB,  OH  45433 
(513)  255-6685  Autovon:  785-6685 

Objective:  The  objective  of  the  current  thrust  under  this  work  is  to 

develop  and  demonstrate  concepts  of  damage  resistance  as  applied 
to  fiber  reinforced  composite  laminates.  Short  term  objectives 
(1-3  yrs)  include  the  following: 

(a)  Development  of  failure  mode  models  with  emphasis  on 
delamination  and  matrix  cracking. 

(b)  Assess  the  role  of  matrix  toughness  in  composite  failure 
processes . 

(c)  To  develop  concepts  of  interface/interphase  strengthening. 


CONTRACTS 

IMPROVED  MATERIALS  FOR  COMPOSITES  AND  ADHESIVE  JOINTS 

F3361 5-81-C-5056 

1  Sept  81  to  31  Aug  84 

Project  Engineer:  James  M.  Whitney 

Materials  Laboratory 

Air  Force  Wright  Aeronautical  Laboratories 
AFWAL/MLBM 

Wright-Patterson  AFB,  OH  45433 
(513)  255-6685  Autovon:  785-6685 

Principal  Investigator:  Ran  Y.  Kim 

University  of  Dayton  Research  Institute 
300  College  Park  Avenue 
Dayton,  Ohio  45469 

Objective:  To  investigate  from  both  an  experimental  and  analytical  standpoint 
the  potential  of  new  and/or  modifications  of  existing  materials 
and  reinforcement  for  use  in  advanced  composite  materials  and 
adhesive  bonded  joints.  Such  materials  are  subsequent  candidates 
for  use  in  advanced  aircraft  and  aerospace  structural  applications. 


341 


DAMAGE  TOLERANT  COMPOSITE  LAMINATES 
F336T5-8T -C-5050 
31  Dune  -  35  September 


Project  Engineer:  Steohen  W.  Tsai 

Materials  Laboratory 

Air  Force  Wright  Aeronautical  Laboratories 
AFWAL/MLBM 

Wright-Patterson  AFB,  OH  45433 
(513)  255-3068  Autovon:  785-3068 

Principal  Investigator:  George  S.  Springer 

Department  of  Mechanical  Engineering 
University  of  Michigan 
550  E.  University 
Ann  Arbor,  MI  48109 

Objective:  To  develop  design  and  processing  techniques  in  order  to  enhance 
damage  tolerance  of  composite  laminates. 


CUMULATIVE  DAMAGE  MODEL  FOR  COMPOSITE  MATERIALS 

F33615-80-C-5039 

81  Feb  23  -  82  Aug  24 

Project  Engineer:  Marvin  Knight 

Materials  Laboratory 

Air  Force  Wright  Aeronautical  Laboratories 
AFWAL/MLBM 

Wright-Patterson  AFB,  OH  45433 
(513)  255-7131  Autovon:  785-7131 

Principal  Investigator:  P.  C.  Chou 

Dyna  East  Corporation 
227  Hemlock  Road 
Wynnewood,  PA  19096 
(215)  895-2288 

Objective:  This  program  will  develop  a  methodology,  including  analytical 
modeling,  for  predicting  and  experimentally  characterizing 
advanced  composite  materials'  mechanical  responses  to  defined 
load  histories.  A  cumulative  damage  model  is  the  ultimate  goal, 


CUMULATIVE  DAMAGE  MODEL  FOR  COMPOSITE  MATERIALS 
F336T  5-81 - C- 5049 
81  Feb  23  -  82  Aug  24 

Project  Engineer:  Marvin  Knight 

Materials  Laboratory 

Air  Force  Wright  Aeronautical  Laboratories 
AFWAL/MLBM 

Wright-Patterson  AFB,  OH  45433 
(513)  255-7131  Autovon:  785-7131 
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Principal  Investigator:  J.  Masters 

General  Dynamics  Corporation 
Fort  Worth  Division 
P.0.  Box  748 
Fort  Worth,  IX  76101 
(817)  732-4811  Ext  5375 

Objective:  This  program  will  develop  a  methodology,  including  analytical 
modeling,  for  predicting  and  experimentally  characterizing 
advanced  composite  materials'  mechanical  responses  to  defined 
load  histories.  A  cumulative  damage  model  is  the  ultimate 
goal . 


FLIGHT  DYNAMICS  LABORATORY 
AIR  FORCE  WRIGHT  AERONAUTICAL  LABORATORIES 


IN-HOUSE 

STRUCTURAL  INTEGRITY  RESEARCH  FOR  ENGINES  AND  AIRFRAMES 

JON:  2307N101 

77  January  1-83  March  30 

Project  Engineer:  Dr.  George  P.  Sendeckyj 

Air  Force  Wright  Aeronautical  Laboratories 

AFWAL/FIBEC 

Wright-Patterson  AFB,  Ohio  45433 

(513)  255-6104  Autovon  785-6104 

Objective:  To  resolve  theoretical  questions  and  develop  damage  tolerance 
and  life  analysis  methods  which  can  be  used  to  satisfy  the 
requirements  of  MIL-STD-1530A  for  advanced  composite  and 
metallic  airframe  structures.  The  specific  objectives  in  the 
composites  area  are: 

(a)  develop  an  understanding  of  the  fatigue  damage 
accumulation  process,  develop  a  fatigue  model  that  takes  into 
account  all  pertinent  variables,  and  verify  the  fatigue  model 
using  experimental  data;  use  the  experimental  data  to  assess 

the  effect  of  fabrication  variability  and  determine  the  effect  of 
the  percentage  of  zero  degree  plies  on  fatigue  behavior; 

(b)  perform  a  critical  state-of-the-art  assessment  of  the 
literature  on  damage  tolerance  and  ef f ect-of-def ects  on  the 
behavior  of  composite  materials; 

(c)  develop  a  progressive-ply-failure  finite  element 
procedure  for  predicting  the  damage  accumulation  process  in 
composite  materials; 

(d)  develop  analytical  models  to  determine  the  ultimate 
strength  and  fatigue  life  of  composite  hat  stiffeners  under 
compressive  loading; 

(e)  evaluate  the  effects  of  periodic  underloads/overloads 
on  the  fatigue  behavior  of  fiber-reinforced  metal-matrix  composites 

(f)  conduct  an  indepth  examination  of  current  acoustical 
fatigue  test  techniques;  and 

(h)  verify  the  nonlinear  single  mode  analytical  results 
with  structural  response  of  simple  rectangular  graphite-epoxy 
panels  excited  by  broadband  acoustic  excitation  at  both  low  and 
high  levels. 

ACOUSTIC  FATIGUE  DESIGN  OF  ADVANCED  STRUCTURES 

JON:  24010146 

82  February  3-85  February  2 

Project  Engineer:  Howard  F.  Wolfe 
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Air  Force  Wright  Aeronautical  Laboratories 
AFWAL/FIBED 

Wright-Patterson  AFB,  Ohio  45433 
(513)  255-5753  Autovon  785-5753 

Objective:  Develop  methods  for  the  prediction  of  the  acoustical  fatigue  life 
of  graphite-epoxy  skin  stringer  structures.  The  investigation 
will  include  adhesive  bonded  and  co-cured  skin  stringer  beams  and 
acoustic  panels  to  be  tested  on  a  vibration  shaker  and  in  a  pro¬ 
gressive  wave  tube  to  obtain  dynamic  properties  and  fatigue  life. 


AEROELASTICITY  RESEARCH 

JON:  24010239 

79  September  3-83  March  30 

Project  Engineer:  Maxwell  Blair 

Air  Force  Wright  Aeronautical  Laboratories 
AFWAL/FIBRC 

Wright-Patterson  AFB,  Ohio  45433 
(513)  255-7384  Autovon  785-7384 

Objective:  Aeroelastic  research  in  several  areas  is  conducted  under  this 
work  unit.  Three  principle  areas  of  research  are  aeroelastic 
tailoring,  active  flutter  suppression  and  unsteady  aerodynamics. 

In  the  area  of  aeroelastic  tailoring  the  main  emphasis  has  been 
on  Forward  Swept  Wing  research.  This  research  includes  wind 
tunnel  testing  of  composite  structures  for  flutter  and  divergence, 
combined  active  divergence/flutter  suppression  analysis  of 
tailored  structures,  and  full  scale  analysis  of  the  tailored 
X-29A  FSW  Demonstrator  for  aeroelastic  stability.  Future  wind 
tunnel  tests  are  planned  to  investigate  the  effect  of  stores  on 
divergence  and  flutter  of  FSW  configurations. 


ANALYSIS  AND  OPTIMIZATION  OF  AEROSPACE  STRUCTURES 

JON:  24010244 

80  March  10  -  33  March  30 

Project  Engineer:  Dr.  V.  B.  Venkayya 

Air  Force  Wright  Aeronautical  Laboratories 
AFWAL/FIBR 

Wright-Patterson  AFB,  Ohio  45433 
(513)  255-6992  Autovon  785-6992 

Objective:  The  key  to  the  successful  design  of  lighter  and  more  reliable 
airframe  structures  is  the  ability  to  accurately  predict 
structural  response  and  to  make  rapid  sensitivity  analyses  with 
parametric  changes.  The  sensitivity  analysis  in  turn  is  the 
important  element  in  the  evolution  of  dependable  and  cost  effective 
structures.  The  objective  of  the  effort  is  to  develop  computational 
tools  for  rapid  analysis  and  optimization  of  metallic  and 
composite  aerospace  structures. 


345 


STRUCTURAL  TESTING  OF  COMPOSITE  PANELS 

JON:  24010246 

80  April  28  -  83  June  30 

Project  Engineer:  Dr.  N.  S.  Khot 

Air  Force  Wright  Aeronautical  Laboratories 
AFWAL/FIBR 

Wright-Patterson  AFB,  Ohio  45433 
(513)  255-6992  Autovon  785-6992 

Objective:  Develop  experimental  methods  and  to  conduct  tests  to  determine  the 
buckling  and  postbuckling  strength  of  stiffened  and  unstiffened 
composite  panels. 

COMPRESSIVE  TEST  FIXTURE  EVALUATION 

JON:  24010344 

79  January  1-82  December  1 

Project  Engineer:  Rick  Rolfes 

Air  Force  Wright  Aeronautical  Laboratories 
AFWAL/FIBCC 

Wright-Patterson  AFB,  Ohio  45433 
(513)  255-6658  Autovon  785-6658 

Objective:  To  evaluate  various  compression  test  fixtures  currently  in  use 

be  industry,  together  with  an  in-house  prototype  design.  Efforts 
will  focus  on  (a)  elimination  of  the  predominate  brooming  and 
buckling  failure  modes  associated  with  present  test  fixtures, 

(b)  0  degreee  compressive  strengths  analogous  to  0  degree  tensile 
strengths,  and  (c)  a  reduction  in  costs  of  test  specimen  fabrication. 


REAPIR  OF  GRAPHITE/ EPOXY  COMPOSITES 

JON:  24010344 

82  September  1-84  September  1 

Project  Engineer:  Forrest  Sandow 

Air  Force  Wright  Aeronautical  Laboratories 
AFWAL/FIBCB 

Wright-Patterson  AFB,  Ohio  45433 
(513)  255-2582  Autovon  785-2582 

Objective:  At  present  the  development  of  repair  procedures  for  graphite-epoxy 
composites  is  generally  baseo  on  the  testing  of  simulated  repairs 
which  are  large  and  relatively  costly  to  produce  and  evaluate. 

This  problem  should  be  overcome  by  use  of  elemental  joint  specimens 
representing  a  section  through  the  repaired  region.  Detailed 
studies  of  the  stre,"s-strain  behavior  of  these  specimens,  under 
the  appropriate  variables,  will  provide  basic  information  for 
design  of  repairs. 
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REPAIR  OF  V378A  COMPOSITES 

JON:  24010344 

82  September  1-84  September  1 

Project  Engineer:  Forrest  Sandow 

Air  Force  Wright  Aeronautical  Laboratories 
AFWAL/FIBCB 

Wright-Patterson  AFB,  Ohio  45433 
(513)  255-2542  Autovon  785-2582 

Objective:  To  fabricate  a  series  of  composite  panels  using  V378A  polyimide 

material  for  the  matrix  material.  Panels  will  be  cut  into  coupons 
for  testing  before  ballistic  impact,  after  ballistic  damage,  and 
after  repair. 


HYDRODYNAMIC  RAM  ASSESSMENT  OF  INTEGRAL  SKIN/SPAR  DESIGNS 

JON:  24010349 

80  March  24  -  82  December  30 

Project  Engineer:  S.  D.  Thompson 

Air  Force  Wright  Aeronautical  Laboratories 
AFWAL/FIBCA 

Wright-Patterson  AFB,  Ohio  45433 
(513)  255-5864  Autovon  785-5864 

Objective:  To  study  the  effect  of  hydrodynamic  ram  caused  by  ballistic 

penetration  on  advanced  composite  structures  and  to  evaluate 
the  relative  susceptibility  of  several  integral  composite  skin/ 
spar  concepts.  This  will  provide  designers  with  information 
necessary  to  allow  transition  of  composites  technology  to 
operational  aircraft. 


ASSESSMENT  OF  CORROSION  CONTROL  PROTECTIVE  COATINGS 
JON:  24010350 
80  April  28  -  85  May  1 

Project  Engineer:  S.  D.  Thompson 

Air  Force  Wright  Aeronautical  Laboratories 
AFWAL/FIBCA 

Wright-Patterson  AFB,  Ohio  45433 
(513)  255-5864  Autovon  785-5864 

Objective:  To  determine  the  susceptibility  of  graphite/epoxy-aluminum  joints 
to  corrosion  when  protective  coatings,  that  have  undergone  fatigue 
loading,  are  used.  The  knowledge  gained  will  be  used  to  determine 
if  present  corrosion  control  systems  actually  prevent  corrosion 
and  if  not,  how  they  could  be  modified  to  prevent  corrosion  from 
occurring. 
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COMPOSITE  IMPACT  STUDY 
JON:  22510115 

80  September  1-84  September  30 

Project  Engineer:  James  M.  Remar 

Air  Force  Wright  Aeronautical  Laboratories 
AFWAL/FIES 

Wright-Pat terson  AFB,  Ohio  45433 
(513)  255-6302  Autovon  785-6302 

Objective:  To  investigate  characteristics  of  advanced  filamentary  composites 
impacted  by  single  fragment  projectiles.  This  program  will 
develop  basic  core  of  data  to  predict  penetration  characteristics 
useful  in  preliminary  design  analysis. 

GRANTS 

DURABILITY  OF  REPEATEDLY  BUCKLED  PANELS 

Grant  AFOSR  81-0016  JON:  2307N114 

80  May  12  -  83  September  30 

Project  Engineer:  Dr.  V.  B.  Venkayya 

Air  Force  Wright  Aeronautical  Laboratories 
AFWAL/FIBRA 

Wright-Pat terson  AFB,  Ohio  45433 
(513)  255-6992  Autovon  785-6992 

Principal  Investigator:  Dr.  Josef  Singer 

Department  of  Aeronautical  Engineering 
Technion  -  Israel  Institute  of  Technology 
Haifa,  32000 
ISRAEL 

Objective:  Metallic  and  composite  shear  panels  in  aircraft  structures  are 

generally  designed  to  operate  in  the  post-buckled  range  to  reduce 
structural  weight.  The  objective  of  this  effort  is  to  study  the 
durability  of  repeatedly  buckled  panels  and  to  provide  guidelines 
for  the  design  of  flat  and  curved  shear  panels  with  various  types 
of  stiffener  configurations. 

CONTRACTS 

TEST  SYSTEM  FOR  CONDUCTING  BIAXIAL  TESTS  OF  COMPOSITE  LAMINATES 
Contract  F33615-77-C-3014  JON:  2307N103 

77  September  19  -  82  September  20 

Project  Engineer:  T.  N.  Bernstein 

Air  Force  Aeronautical  Laboratories 
AFWAL/FIBRA 


Wright-Patterson  AFB,  Ohio  45433 
(513)  255-6992  Autovon  785-6992 


Principal  Investigator:  Scott  W.  Schramm 

IIT  Research  Institute 
10  West  35th  Street 
Chicago,  Illinois  60616 
(312)  567-4000 

Objective:  To  develop,  design  and  fabricate  a  biaxial  test  machine  capable 
of  applying,  withour  constrains,  in-plane  loads,  singly  and  in 
any  combination,  to  laminated  tubular  composite  specimens. 


A  STUDY  OF  THE  BUCKLING,  POST-BUCKLING  BEHAVIOR  AND  VIBRATION  OF  LAMINATED 
COMPOSITE  PLATES 

Contract  F33615-81-K-3203  JON:  2307N115 

80  November  20  -  83  November  20 

Project  Engineer:  Dr.  N.  S.  Khot 

Air  Force  Wright  Aeronautical  Laboratories 
AFWAL/FIBRA 

Wright-Patterson  AFB,  Ohio  45433 
(513)  255-6992  Autovon  785-6992 

Principal  Investigator:  Professor  Arthur  Leissa 

Department  of  Engineering  Mechanics 

Boyd  Laboratory 

Ohio  State  University 

155  Wset  Woodruff  Avenue 

Columbus,  Ohio  43210 

Objective:  To  prepare  a  monograph  summarizing  the  state  of  the  art  in  buckling, 
post-buckling  and  vibration  behavior  of  laminated  composite  plates. 


FATIGUE  DAMAGE-STRENGTH  RELATIONSHIPS  IN  COMPOSITE  MATERIALS 
Contract  F33615-81-K-3225  JON:  2307N117 

80  December  12  -  83  September  30 

Project  Engineer:  Dr.  George  P.  Sendeckyj 

Air  Force  Wright  Aeronatical  Laboratories 
AFWAL/FIBEC 

Wright-Patterson  AFB,  Ohio  45433 
(513)  255-6104  Autovon  785-6104 

Principal  Investigator:  Professor  K.  L.  Reifsnider 

Engineering  Science  6  Mechanics  Department 
Virginia  Polytechnic  Institute  &  State  University 
Blacksburg,  Virginia  24061 
(703)  961-5316 
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Objective:  Develop  an  understanding  og  the  initiation  of  fiber  fractures 

from  matrix  cracks  and  delaminations  in  resin-matrix  composites. 


ENVIRONMENTAL  TRACKING  OF  F-15  HORIZONTAL  STABILATOR 
Contract  F3361 5-79-C-321 0  JON:  24010132 

79  June  15-83  October  1 

Project  Engineer:  Carl  L.  Rupert 

Air  Force  Wright  Aeronautical  Laboratories 
AFWAL/FIBED 

Wright-Patterson  AFB,  Ohio  45433 
(513)  255-5753  Autovon  785-5753 

Principal  Investigator:  Thomas  V.  Hinkle 

McDonnell  Douglas  Corporation 
P.  0.  Box  516 

St.  Louis,  Missouri  63166 
(314)  232-3356 

Objective:  To  evaluate  the  effects  of  additional  exposure  to  a  service 
environment  on  the  F-15  boron-epoxy  stabilator. 


FATIGUE/ IMPACT  STUDIES  IN  LAMINATED  COMPOSITES 
Contract  F3361 5-80-K-3243  JON:  24010152 

80  May  12-83  December  30 

Project  Engineer:  Dr.  George  P.  Sendeckyj 

Air  Force  Wright  Aeronautical  Laboratories 
AFWAL/FIBEC 

Wright-Patterson  AFB,  Ohio  45433 
(513)  255-6104  Autovon  785-6104 

Principal  Investigator:  Dr.  V.  Sarma  Avva 

Mechanical  Engineering  Department 
North  Carolina  A&T  State  University 
Greensboro,  North  Carolina  27411 
(919)  379-7620 

Objective:  To  systematical ly  document  the  fatigue  induced  damage  accumulation 
process  in  impact  damaged  structural  composite  laminates. 


DESIGN  METHODOLOGY  AND  LIFE  ANALYSIS  OF  POSTBUCKLED  METAL  AND  COMPOSITE 
PANELS 

Contract  F3361 5-81 -C-3208  JON:  24010154 

80  June  23  -  84  August  30 

Project  Engineer:  Capt.  M.  L.  Becker 

Air  Force  Wright  Aeronautical  Laboratories 
AFWAL/FIBEC 
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Wright-Patterson  AFB,  Ohio  45433 
(513)  255-6104  Autovon  785-6104 


Principal  Investigator:  Or.  Ben  Agarwal 

Northrop  Corporation 
Structural  Mechanics  Research 
3901  West  Broadway 
Hawthorne,  California  90250 
(213)  970-5075 

Objective:  Develop  analytical  techniques  and  design  procedures  for  metal 
and  composite  aircraft  structures  operating  in  the  postbuckled 
range. 


DAMAGE  ACCUMULATION  IN  COMPOSITES 

Contract  F3361 5-81 -C-3226  JON:  24010157 

HO  Angus f  1H  84  December  30 

Project  Engineer:  Or.  George  P.  Sendeckyj 

Air  Force  Wright  Aeronautical  Laboratories 
AFWAL/FIBEC 

Wright-Patterson  AFB,  Ohio  45433 
(513)  255-6104  Autovon  785-6104 

Principal  Investigator:  David  A.  Ulman 

Structures  &  Design  Department 
General  Dynamics  Corporation 
P.  0.  Box  748 
Fort  Worth,  Texas  76101 
(817)  732-4811  ext  4179 

Objective:  Develop  a  state-of-damage  based  procedure  for  predicting  the  life 
of  composite  structures  subjected  to  spectrum  fatigue  loading. 


DESIGN  VERIFICATION  FOR  OPTIMIZED  PANELS 
Contract  F3361 5-81 -C-3222  JON:  24010248 

81  September  15  -  84  July  15 

Project  Engineer:  Dr.  N.  S.  Khot 

Air  Force  Wright  Aeronautical  Laboratories 
AFWAL/FIBRA 

Wright-Patterson  AFB,  Ohio  45433 
(513)  255-6992  Autovon  785-6992 

Principal  Investigator:  Mr.  Bo  Almroth 

Lockheed  Palo  Alto  Research  Laboratory 
Bldg  255 
3251  Hanover 

Palo  Alto,  California  94304 
(415)  858-4027 


Objective:  To  experimentally  investigate  the  behavior  of  optimized  composite 
stiffened  panels. 


BOLTED  JOINTS  IN  COMPOSITE  STRUCTURES:  DESIGN,  ANALYSIS  AND  VERIFICATION 

Contract  F3361 5-82-C-  JON:  24010255 

82  September  15-86  July  31 

Project  Engineer:  Dr.  V.  B.  Venkayya 

Air  Force  Wright  Aeronautical  Laboratories 
AFWAL/FIBRA 

Wright-Patterson  AFB,  Ohio  45433 
(513)  255-6992  Autovon  785-6992 

Principal  Investigator:  To  be  announced 

Objective:  To  develop  reliable  analytical  and  experimental  methods  for  strength 
and  life  prediction  of  mul ti -fastener  joints  in  full-scale  composite 
structures.  The  end  products  will  be  a  new  or  revised  computer 
program  for  analysis  and  a  design  guide  for  representative 
aircraft  joints. 


DOD/NASA  ADVANCED  COMPOSITES  DESIGN  GUIDE 
Contract  F3361 5-78-C-3203  JON:  24010324 

78  March  1  -  82  November  1 

Project  Engineer:  B.  White 

Air  Force  Wright  Aeronautical  Laboratories 
AFWAL/FIBCA 

Wright-Patterson  AFB,  Ohio  45433 
(513)  255-5864  Autovon  785-5864 

Principal  Investigator:  G.  Howard  Arvin 

Rockwell  International  Corporation 
LA  Aircraft  Division 
5701  W.  Imperial  Highway 
Los  Angeles,  California  90009 
(213)  670-9151  ext  1666 

Objective:  To  develop  a  new,  updated  version  of  the  "Advanced  Composites 
Design  Guide."  The  new  version  will  incorporate  new  data  and 
analysis  techniques.  The  guide  will  be  reorganized  and  condensed 
to  make  it  a  more  useful  document  to  designers. 


SURVIVABLE  COMPOSITE  FUEL  TANK  STRUCTURES 
Contract  F3361 5-82-C-321 2  JON:  24010357 

82  August  2-85  November  30 

Project  Engineer:  S.  D.  Thompson 
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Air  Force  Wright  Aeronautical  Laboratories 
AFWAL/FIBCA 

Wright-Patterson  AFB,  Ohio  45433 
(513)  255-5864  Autovon  785-5864 

Principal  Investigator:  Dr.  M.  J.  Jacobson 

Northrop  Corporation 
Aircraft  Services  Division 
One  Northrop  Avenue 
Hawthorne,  California  90250 
(213)  970-2000 

Objective:  Develop  guidelines  for  the  design  of  composite  integral  fuel  tanks 
capable  of  surviving  hostile  environments  created  by  non-detonating 
projectiles  and  warhead  fragments. 


COMPOSITE  WING/ FUSELAGE  PROGRAM 

Contract  F3361 5-79-C-3203  JON:  69CW0152 

79  July  1  -  84  July  30 

Project  Engineer:  James  L.  Mullineaux 

Air  Force  Wright  Aeronautical  Laboratories 
AFWAL/FIBAC 

Wright-Patterson  AFB,  Ohio  45433 
(513)  255-6639  Autovon  785-6639 

Principal  Investigator:  J.  J.  Eves,  Program  Manager 

Northrop  Corporation/Aircraft  Division 
One  Northrop  Avenue 
Hawthorne,  California  90250 

Objective:  To  develop  structural  design  technology  and  durability  qualification 
methodology  for  application  of  advanced  composites  to  wing  and 
fuselage  primary  structures  of  Mach  2  class  fighter  aircraft. 
Secondary  efforts  within  the  program  will  verify  low  cost  fabrication 
methods,  develop  quality  assurance  techniques  and  evaluate  the 
effects  of  defects  in  composites. 


353 


AIR  FORCE  OFFICE  OF  SCIENTIFIC  RESEARCH 
ITHDUSE 


NONE 


CONTRACTS 

BOUNDARY  ELE*€NTS  FOR  DEBOND  STRESS  ANALYSIS 
82  March  01  -  83  February  28 

Project  Engineer:  Capt  David  A  Glasgow 
AFOSR/NA 

Bolling  AFB,  DC  20332 
(202)  767-4937 

Principal  Investigator:  Dr  Colin  Atkinson 

Dept  of  Mathematics 

Imperial  College  of  Science  and  Technology 
London  SK7  2BZ  England 

Objective:  To  develop  a  boundary  integral  equation  method  valid  for  short 
crack  initiation  at  the  fiber-matrix  interface  in  composite  materials. 


FRACTURE  BEHAVIOR  OF  BORON  ALUMINUM  CONPOSITES 
79  April  01  -  83  October  14 

Project  Engineer:  Capt  David  A  Glasgow 
AFOSR/NA 

Bolling  AFB,  DC  20332 
(202)  767-4937 

Principal  Investigator:  Or  Jonathan  Awerbuch 

Dept  of  Mechanical  Engr  and  Mechanics 
Drexel  University 
Philadelphia,  PA  19104 
(215)  895-2291 


Objective:  To  provide  insight  into  the  fracture  mechanisms  in  boron 
aluminum  composites  at  room  and  elevated  temperatures  through  a 
comprehensive  experimental  program  and  correlation  of  test  data  with 
analytical  predictions. 


IMPROVED  CERAMIC  FRACTURE  BEHAVIOR  FOR  HIGH  TEMPERATURE  TURBINE  APPLICATIONS 
82  April  01-82  September  30 

Project  Engineer:  Capt  David  A  Glasgow 
AFOSR/NA 

Bolling  AFB,  DC  20332 
(202)  767-4937 


354 


Principal  Investigator:  Mr  Kent  W  Buesking 

Materials  Science  Corporation 

Blue  Bell  Office  Campus,  Merion  Towle  House 

Blue  Bell,  PA  19422 

(215)  542-8400 

Objective:  To  identify  the  failure  modes  of  fiber-reinforced  ceramics  and 
establish  the  theoretical  basis  for  the  development  of  analytical  models 
capable  of  predicting  these  modes. 


DAMAGE  ESTIMATION  IN  CARBON  FIBRE  REINFORCED  EPOXY  AND  ITS  INFLUENCE  ON 
RESIDUAL  PROPERTIES 
82  June  15  -  83  June  14 

Project  Engineer:  Capt  David  A  Glasgow 
AFOSR/NA 

Bolling  AFB ,  DC  20332 
(202)  767-4937 

Principal  Investigator:  Dr  A  R  Bunsell 

Ecole  Nationale  Superieure  des  Mines  de  Paris 
Centre  des  Materiaux 
BP  87 

91003  EVRY  cedex 
France 

Objective:  To  investigate  the  failure  of  fibers  and  the  subsequent 
accumulation  of  damage  in  unidirectional  carbon  fiber  reinforced  plastics 
(cfrp)  by  using  the  acoustic  amission  technique,  and  to  extend  a  recently 
developed  and  verified  theory  of  damage  accumulation  to  unidirectional  cfrp 
subjected  to  cyclic  loading. 


ANALYSIS  OF  DAMAGE  PROCESSES  IN  FIBROUS  CONPOSITE  LAMINATES 
82  September  01  -  83  August  31 

Project  Engineer:  Capt  David  A  Glasgow 
AFOSR/NA 

Bolling  AFB,  DC  20332 
(202)  767-4937 

Principal  Investigator:  Dr  George  J  Dvorak 
Dept  of  Civil  Engineering 
University  of  Utah 
Salt  Lake  City,  UT  84112 
(801)  581-6931 

Objective:  To  conduct  a  theoretical  study  of  damage  accumulation  in 
unnotched  fibrous  composite  laminates  caused  by  distributed  internal 
cracking  in  individual  layers  as  well  as  delamination  cracks  between  layers, 
under  monotonic  or  cyclic  mechanical  and  thermal  loads. 
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THREE -DINENSIONAL  ANISOTROPIC  STRESS  CONCENTRATIONS 
81  December  01  -  82  November  30 


Project  Engineer:  Dr  Anthony  K  Amos 
AFOSR/NA 

Bolling  AFB,  DC  20332 
(202)  767-4937 

Principal  Investigator:  Dr  R  A  Eubanks 

Dept  of  Civil  Engineering 
University  of  Illinois 
Champaign,  IL  61820 
(217)  333-6946 

Objective:  To  develop  rigorous  analytical  methods  for  three-dimensional 
stress  concentrations  in  transversely  isotropic  materials  such  as  advanced 
composites  or  other  reinforced  or  layered  materials. 


FRACTURE,  FATIGUE,  DYNAMICS,  AND  AEROELASTICITY  OF  COMPOSITE  STRUCTURES 
82  January  01  -  82  December  31 

Project  Engineer:  Dr  Anthony  K  Amos 
AFOSR/NA 

Bolling  AFB,  X  20332 
(202)  767-4937 

Principal  Investigator:  Dr  Jbmes  W  Mar 

Dept  of  Aeronautics  and  Astronautics 
Massachusetts  Institute  of  Technology 
Cambridge,  MA  02D9 
(617)  253-242 6 

Objective:  To  evaluate  parameters  in  semi-empirically  derived  fracture 
relationships  using  an  extensive  experimental  data  base  on  fatigue  and 
fracture  of  composite  laminates,  to  investigate  frequency  and  modal  behavior 
of  cantilever  and  clamped-clamped  plates  of  unbalanced  laminate  construction 
with  emphasis  on  assessing  the  nonlinear  behavior  due  to  large  deformations 
and  multi-axis  response  coupling,  and  to  investigate  aeroelastic  flutter  and 
divergence  of  unbalanced  laminates. 


NONLINEAR  DYNAMIC  RESPONSE  X  COMPOSITE  ROTOR  SLADES 
82  September  01  -  83  August  31 

Project  Engineer:  Dr  Anthony  K  Amos 
AFOSR/NA 

Bolling  AFB,  X  20332 
(202)  767-4937 
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Principal  Investigator:  Or  Ozden  Ochoa 

Dept  of  Mechanical  Engineering 
Texas  AAM  Research  Foundation 
College  Station,  TX  77843 
(713)  845-2022 

Objective:  To  develop  nonlinear  displacement  and  damage  models  suitable  for 
predicting  the  structural  dynamic  response  of  composite  rotor  blades  to 
impact  and  other  transient  excitations. 


NONLINEAR  TRANSIENT  ANALYSIS  OF  LAYERED  COMPOSITE  PLATES  AND  SHELLS 
81  April  01  -  83  June  15 

Project  Engineer:  Dr  Anthony  K  Amos 
AFOSR/NA 

Bolling  AFB,  DC  20332 
(202)  767-4937 

Principal  Investigator  Dr  J  N  Reddy 

Dept  of  Engineering  Science  A  Mechanics 
Virginia  Polytechnic  Inst  A  State  University 
Blacksburg ,  VA  24061 
(703)  961-6744 


Objective:  To  evaluate  the  stability  and  convergence  characteristics  of 
penalty-finite  elements  applied  to  the  dynamic  analysis  (e.g.  low  velocity 
impact)  of  composite  plates  and  shells,  and  to  evolve  a  transient  analysis 
capability  with  greatly  improved  accuracy,  numerical  stability  and 
computational  efficiency. 


BEHAVIOR  OF  ADVANCED  AND  COMPOSITE  STRUCTURES 
82  January  01  -  82  December  31 

Project  Engineer:  Capt  David  A  Glasgow 
AFOSR/NA 

Bolling  AFB,  DC  20332 
(202  )  76  7-04  93  7 

Principal  Investigator:  Dr  Lawrence  W  Rehfield 

Dept  of  Aerospace  Engineering 
Georgia  Institute  of  Technology 
Atlanta,  GA  30332 
(404  )  894-3067 

Objective:  To  develop  new  theories  for  the  analysis  of  bending  behavior  of 
laminated  beams  and  plates,  to  experimentally  investigate  delamination  of 
composite  laminates  under  compressive  loading,  and  to  experimentally 
evaluate  the  damage  tolerance  of  continuous  filament  composite  isogrid 
structure. 
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RESEARCH  ON  COMPOSITE  MATERIALS  FOR  STRUCTURAL  DESIGN 
82  January  01  -  83  December  31 


Project  Engineer:  Capt  David  A  Glasgow 
AFOSR/NA 

Bolling  AFB,  DC  20332 
(202)  767-4937 

Principal  Investigator:  Dr  Richard  A  Schapery 

Dept  of  Civil  Engineering 
Texas  A&M  University 
College  Station,  TX  77843 
(713)  845-7512 

Objective:  To  experimentally  identify,  study  in  detail,  and  model 
analytically  the  basic  mechanisms  of  structural  response  of  resin  matrix 
composite  materials  including  studies  of  micro-  and  macro-mechanisms  of 
fracture,  effects  of  transient  temperature  and  moisture  content,  behavior 
and  structure  of  water  in  polymers,  toucfiening  mechanisms  in  resins,  and 
theoretical  models  for  deformation  and  fracture  behavior. 


NONLINEAR  LARGE  DEFORMATION  BEHAVIOR  OF  COMPOSITE  CLYINDRICAL  SHELLS 
81  June  30  -  83  June  29 

Project  Engineer:  Dr  Anthony  K  Amos 
AFOSR/NA 

Bolling  AFB,  DC  20332 
(202)  767-4937 

Principal  Investigator:  Dr  George  J  Simitses 

Dept  of  Engineering  Science  4  Mechanics 
Georgia  Institute  of  Technology 
Atlanta,  GA  30332 
(404)  894-2770 

Objective:  To  develop  nonlinear  solution  methodology  for  the  response 
characteristics  of  stiffened  laminated  cylindrical  shells,  including 
pre-limit  point  and  post-limit  point  behavior,  and  to  use  tne  methodology  to 
study  nonlinear  phenomena  in  such  shell  structures. 


SPACE  ENVIRONMENTAL  EFFECTS  ON  POLYMER  MATRIX  COMPOSITES 
78  September  01  -  82  August  31 

Project  Engineer:  Capt  David  A  Glasgow 
AFOSR/NA 

Bolling  AFB,  DC  20332 
(202)  767-4937 
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Principal  Investigator:  Dr  Rodney  C  Tennyson 

Institute  for  Aerospace  Studies 
University  of  Toronto 
Downsview,  Ontario,  Canada  M3H  5T6 
(416)  667-7710 

Oojective:  To  identify  the  influence  of  simulated  and  in-situ  space 
environmental  conditions  on  the  mechanical  characteristics  of  advanced 
composite  materials  in  real  time,  and  to  evaluate  accelerated  environmental 
exposure  techniques. 


INTERLAMINAR  AND  INTRALAMINAR  FRACTURE  GROWTH  IN  COMPOSITE  MATERIALS 
79  September  01-63  September  30 

Project  Engineer:  Capt  David  A  Glasgow 
AFOSR/NA 

Bolling  AFB ,  DC  20332 
(202)  767-4937 


Principal  Investigator:  Dr  AlDert  S  D  Wang 

Dept  of  Mechanical  Engineering 
Drexel  University 
Philadelphia,  PA  19104 
(215)  895-2297 

Objective:  To  develop  qualitative  understanding  of  ana  analytical/ 
computational  prediction  capability  for  fracture  initiation  and  propagation 
processes  in  composite  laminates. 
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NASA  LANGLEY  RESEARCH  CENTER 


INHOUSE 

EFFECT  OF  FOIL  TOUGHENING  ON  IMPACT  RESISTANCE  OF  LAMINATES 
81  May  1  -  82  November  30 

Project  Engineer:  Walter  1 1 1 g 

Mail  Stop  188E 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2338  FTS  928-2338 

Objective:  To  determine  the  effect  on  impact  resistance  of  partial  interlaminar 
separations  between  layers  of  a  laminate.  Perforated  mylar  foil 
produces  the  partial  separations. 

MECHANICS  OF  LOW-VELOCITY  IMPACT 
81  June  1  -  83  June  30 

Project  Engineer:  Dr.  Wolf  Elber 
Mail  Stop  188E 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2093  FTS  928-2093 

Objective:  From  quasi-static  deformation  analysis,  determine  the  criteria  for 
low-velocity  impact  damage;  establish  threshold  levels  for  impact 
damage.  Develop  fracture  mechanics  analyses  for  delamination 
growth  and  membrane  failure. 

ASSESSING  THE  ROLE  OF  SHOCK  WAVES  IN  IMPACT  DAMAGE 
81  April  1  -  83  March  31 

Project  Engineer:  Dr.  Joseph  S.  Heyman 
Mail  Stop  499 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3418  FTS  928-3418 

Objective:  To  examine  impact  damage  reduction  to  composites  through  acoustic 
impedance  matching  techniques  and  to  assess  the  role  shock  waves 
play  in  low-velocity  impact-induced  material  degradation. 
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SHOCK  WAVE  SPECTRAL  ENERGY  ANALYSIS 

.81  July  1  -  83  June  30 

Project  Engineer:  Dr.  William  P.  Winfree 
Mail  Stop  499 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3418  FTS  928-3418 

Objective:  To  develop  systems  for  the  study  of  the  energy  frequency  spectra 
of  impact-induced  shock  waves  in  graphite/epoxy  composites  and 
related  materials  to  determine  damage  mechanisms. 

TOUGHNESS  TEST  METHODOLOGY 

80  October  1  -  83  September  30 

Project  Engineer:  Dr.  Norman  J.  Johnston 
Mail  Stop  226 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3041  FTS  928-3041 

Objective:  To  investigate,  develop  (if  necessary),  and  select  appropriate 
test  methods  for  screening  the  impact  resistance  and  fracture 
toughness  properties  of  neat  polymers  and  composites.  Methodol¬ 
ogy  will  help  guide  programs  to  synthesize  new  toughened  matrix 
resins. 

FRACTURE  OF  LAMINATED  COUPONS 

78  October  1  -  83  September  30 

Project  Engineer:  C.  C.  Poe,  Jr. 

Mail  Stop  188E 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2338  FTS  928-2338 

Objective:  To  develop  a  methodology  to  predict  residual  strengths  of  damaged 
composite  laminates  using,  as  starting  poirts,  lamina  properties 
or  possibly  the  properties  of  the  fibers  and  matrix.  To  determine 
the  parameters  that  lead  to  tough  composites. 

DAMAGE  TOLERANT  COMPOSITE  STRUCTURES 

74  June  1  -  83  May  31 

Project  Engineer:  C.  C.  Poe,  Jr. 

Mail  Stop  188E 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2338  FTS  928-2338 

Objective:  To  measure  the  ability  of  buffer  strips  and  bonded  stringers  to 
increase  the  residual  tension  strength  of  damaged  panels,  and  to 
develop  an  analysis  to  predict  residual  strength  in  terms  of  panel 
configuration  and  damage  size. 


EFFECT  OF  ELEVATED  TEMPERATURE  ON  LARGE  GRAPH ITE/POLYIMIDE  BUFFER  STRIP  PANELS 
81  February  11-83  May  31 


Project  Engineer:  C.  C.  Poe,  Jr. 

Mail  Stop  188E 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2338  928-2338 

Objective:  To  experimentally  determine  the  effect  of  elevated  temperature  on 
the  fracture  behavior  of  large  graphite/polyimide  buffer  strip 
panels  with  various  size  buffer  strips. 

EFFECT  OF  MOISTURE  AND  ELEVATED  TEMPERATURE  ON  GRAPHITE/EPOXY  BUFFER  STRIP 
PANELS 

80  November  1  -  83  May  31 

Project  Engineer:  C.  A.  Bigelow 
Mail  Stop  188E 

NASA  Langley  Research  Center 
Hampton.  Virginia  23665 
(804)  827-3191  FTS  928-3191 

Objective:  To  experimentally  determine  the  effect  of  moisture  and  elevated 
temperature  on  the  fatigue  life  of  graphite/epoxy  buffer  strip 
panel s . 

WOVEN  COMPOSITE  BUFFER  STRIP  PANELS 

81  January  1  -  83  May  31 

Project  Engineer:  John  M.  Kennedy 
Mail  Stop  188E 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3191  FTS  928-3191 

Objective:  To  demonstrate  that  buffer  strip  panels  built  with  woven  cloth  have 
the  crack-arresting  capability  of  panels  built  with  conventional 
prepreg  tape.  Damaged  panels  will  be  tested  in  shear  and  tension. 

STRESS  ANALYSIS  OF  LOADED  HOLES 

82  March  1  -  83  March  1 

Project  Engineer:  Dr.  John  H.  Crews,  Jr. 

Mail  Stop  188E 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3012  FTS  928-3012 

Objective:  To  calculate  stresses  near  loaded  holes  in  finite-size  laminates 
with  tensile  and  compressive  applied  loads. 
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FAILURE  ANALYSIS  OF  LOADED  HOLES 

81  April  1  -  84  April  1 

Project  Engineer:  Dr.  John  H.  Crews,  Jr. 

Mail  Stop  188E 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3012  FTS  928-3012 

Objective:  To  develop  the  basic  understanding  needed  for  an  analytical  proce¬ 
dure  to  predict  bolt  hole  failure  under  combined  bearing  and  bypass 
loads. 

ADHESIVE  DEBOND  CHARACTERIZATION 

76  October  1  -  86  September  30 

Project  Engineers:  Dr.  W.  S.  Johnson 

R.  A.  Everett,  Jr. 

Mail  Stop  188E 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2715  FTS  928-2715 

Objective:  To  verify  that  identical  specimens  manufactured  at  different  facili¬ 
ties  using  the  same  adhesive/adherent  (7075  Al/FM-73)  bonding  tech¬ 
niques  behave  in  a  similar  manner  when  subjected  to  cyclic  loading. 
To  develop  an  approach  to  calculate  cyclic  debond  threshold  and  rate 
such  that  the  cyclic  behavior  of  the  bondline  can  be  predicted  for 
any  geometry  (using  finite  elements)  for  a  given  adhesive/adherent 
system.  To  expand  from  metal -to-metal  to  compos ite-to-composite 
bonds  and  to  examine  temperature,  moisture,  and  spectrum  loading 
effects. 

STRESS  ANALYSIS  OF  ADHESIVE  BONDS 

80  October  1  -  84  September  30 

Project  Engineers:  R.  A.  Everett,  Jr. 

J.  D.  Whitcomb 
Mail  Stop  188E 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2715  FTS  928-2715 

Objective:  To  review  currently  available  finite-element  routines  and  their 

applicability  to  the  adhesive  bondline  stress  analysis.  To  modify 
available  model  or  develop  a  new  model  to  assess  iOt  and  at 

debond  front,  and  to  incorporate  into  model  material  and  geometric 
nonlinear  behavior. 
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FAILURE  MODES  OF  ADHESIVELY  BONDED  COMPOSITE  JOINTS 
81  June  1  -  83  September  30 


Project  Engineers:  Dr.  S.  Mall 

Dr.  W.  S.  Johnson 
Mail  Stop  188E 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2715  FTS  928-2715 

Objective:  To  conduct  experimental  tests  to  determine  the  failure  modes  and 
mechanisms  of  adhesively  bonded  composite  joints.  To  assess 
secondary  bonding  versus  co-curing  in  graphite/epoxy  and  Kevlar/ 
epoxy  joints.  Correlate  debond  growth  rates  with  strain-energy- 
release  rates.  Establish  design  guideline  for  adhesively  bonded 
composite  joints. 

REALTSTIC  ADHESIVELY  BONDED  JOINT  ELEMENT 

81  October  1  -  83  September  30 

Project  Engineer:  R.  A.  Everett,  Jr. 

Mail  Stop  188E 

Structures  Laboratory,  USARTL  (AVRADCOM) 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2715  FTS  928-2715 

Objective:  To  manufacture  several  variations  of  a  simple  adhesively  bonded 
wing  splice  joint  under  contract  (metal-to-composite  specimens). 
To  determine  fatigue  and  fracture  failure  modes  for  a  "realistic" 
aircraft  adhesively  bonded  structure.  These  joints  will  consist 
of  titanium  wing  ribs  embedded  in  graphite/epoxy  wing  skins. 

FATIGUE  AND  FRACTURE  BEHAVIOR  OF  THICK  LAMINATES 

81  October  1  -  83  September  30 

Project  Engineers:  Edward  P.  Phillips 

C.  C.  Poe,  Jr. 

Mail  Stop  188E 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3192  FTS  928-3192 

Objective:  To  identify  potential  fatigue  and  fracture  problems  associated 

with  scale-up  of  graphite/epoxy  laminates  to  thicknesses  of  about 
100  plies.  This  study  will  consist  mostly  of  tests  of  thick 
laminates  containing  through-thickness  holes  and  slits. 


PREDICTION  OF  FATIGUE  LIFE  OF  NOTCHED  COMPOSITE  LAMINATES 

73  June  1  -  85  September  30 

Project  Engineers:  Dr.  T.  Kevin  O'Brien 

John  D.  Whitcomb 
Mail  Stop  188E 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3011  FTS  928-3011 

Objective:  To  develop  a  method  to  design  fatigue  resistant  composite  laminates. 

The  method  addresses  three  areas:  failure  mechanisms  are  identified; 
analyses  to  predict  inplane  and  interlaminar  damage  growth  are 
developed;  and  inplane  and  interlaminar  data  bases  are  developed  to 
evaluate  the  methodology. 

THE  EFFECTS  OF  REALISTIC  FLIGHT  ENVIRONMENTS  ON  FATIGUE  OF  COMPOSITE  MATERIALS 

72  June  1  -  84  May  31 

Project  Engineer:  John  D.  Whitcomb 

Mail  Stop  188E 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3011  FTS  928-3011 

Objective:  To  determine  the  effects  of  realistic  environments  on  the  fatigue 
behavior  of  composite  materials.  Flight  environments  of  conven¬ 
tional  and  supersonic  aircraft  transports  are  being  investigated. 
Tests  are  either  accelerated  or  conducted  in  real  time.  Tempera¬ 
tures  and  load  spectra  are  simulated  for  transport  environments. 

PREDICTION  OF  INSTABILITY-RELATED  DELAMINATION  GROWTH 

79  January  2-83  December  31 

Project  Engineer:  John  D.  Whitcomb 

Mail  Stop  188E 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3011  FTS  928-3011 

Objective:  To  predict  rate  of  instability-related  delamination  growth.  Approxi¬ 
mate  stress  analyses  will  be  developed  based  on  understanding  gained 
from  rigorous  analyses.  Experiments  will  be  performed  to  obtain  a 
data  base  for  use  by  the  analysis  in  making  predictions  and  for  veri¬ 
fying  and  improving  the  analysis. 
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PREDICTION  OF  STIFFNESS  LOSS,  RESIDUAL  STRENGTH,  AND  FATIGUE  Li FE  OF  UNNOTCHED 

LAMINATES 

80  June  1  -  83  October  31 

Project  Engineer:  Dr.  T.  Kevin  O'Brien 
Mail  Stop  188E 

Structures  Laboratory,  USARTL  (AVRADCOM) 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3011  FTS  928-3011 

Objective:  To  predict  the  stiffness  loss,  residual  strength,  and  fatigue  life 
of  realistic  unnotched  laminates  using  baseline  data  from  simple 
laminates. 

FLIGHT  SERVICE  EVALUATION  OF  COMPOSITE  COMPONENTS  ON  COMMERCIAL  AND  MILITARY 

AIRCRAFT 

72  March  1  -  90  December  31 

Project  Engineer:  H.  Benson  Dexter 
Mail  Stop  188A 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2869  FTS  928-2869 

Objective:  To  evaluate  the  long-term  durability  of  composite  components 

installed  on  commercial  and  military  transport  and  helicopter  air¬ 
craft.  Over  200  components  constructed  of  boron,  graphite,  and 
Kevlar  composites  will  be  evaluated  after  extended  service.  Com¬ 
ponents  include  graphite/epoxy  rudders,  spoilers,  tail  rotors, 
vertical  stabilizers.  Kevlar/epoxy  fairings,  doors  and  ramp  skins, 
boron-reinforced  aluminum  center  wing  boxes  and  tail  cone,  and 
boron/aluminum  aft  pylon  skins.  Note:  Over  2.5  million  total  com¬ 
ponent  flight  hours  have  been  accumulated  since  initiation  of 
flight  service  in  1972.  Composite  components  on  L-1011,  B-737, 
and  DC-10  aircraft  have  accumulated  over  22,000  flight  hours  each. 
Excellent  in-service  performance  and  maintenance  experience  have 
been  achieved  with  the  composite  components. 

POSTBUCKLING  RESPONSE  OF  COMPOSITE  MATERIAL  SUBJECTED  TO  SHEAR  LOADING 

79  July  1  -  85  June  30 

Project  Engineer:  Gary  L.  Farley 
Mail  Stop  188A 

Structures  Laboratory,  USARTL  (AVRADCOM) 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2850  FTS  928-2850 

Objective:  To  determine  the  postbuckling  strength  of  Kevlar  and  Kevlar- 

graphite/epoxy  composites  under  static  shear  and  spectrum  fatigue 
loading.  This  study  will  establish  a  basis  for  demonstrating  the 
use  of  thin  composite  laminates  beyond  the  point  of  initial  shear 
instability.  A  shear  fixture  has  been  developed  that  virtually 
eliminates  the  adverse  stresses  in  the  corners  of  the  shear  panel. 
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THE  ENERGY  ABSORPTION  OF  COMPOSITE  CRASHWORTHY  STRUCTURE 

80  August  1  -  85  December  31 

Project  Engineer:  Gary  L.  Farley 
Mail  Stop  188A 

Structures  Laboratory,  USARTL  (AVRADCOM) 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2850  FTS  928-2850 

Objective:  To  determine  the  energy  absorption  characteristics  of  glass,  Kevlar, 
and  graphite/epoxy  composites  and  to  develop  the  analytical  capa¬ 
bility  to  predict  the  energy  absorption  characteristics  of  new  com¬ 
posite  materials.  Tube  specimens  are  being  subjected  to  static  and 
dynamic  crushing  tests.  Over  30  combinations  of  materials  and  ply 
orientations  have  been  tested.  The  research  is  focused  on  develop¬ 
ment  of  the  capability  to  design  efficient  crashworthy  composite 
structures  for  rotorcraft. 

THE  EVALUATION  OF  GRAPH I TE/ POL Y I MI DE  HONEYCOMB  SANDWICH  PANELS 

79  June  15-83  March  31 

Project  Engineer:  Jane  A.  Hagaman 
Mail  Stop  364 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3666  FTS  928-3666 

Objective:  To  evaluate  the  shear  behavior  of  an  optimized  sandwich  panel  at 

room  and  elevated  temperatures  using  a  diagonal  tension  test  method, 
and  to  correlate  the  behavior  with  analytical  predictions. 

PRELIMINARY  BOLTED  JOINT  DATA 

78  July  1  -  81  October  31 

Project  Engineer:  Gregory  R.  Wichorek 
Mail  Stop  188A 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2848  FTS  928-2848 

Objective:  To  determine  bolted  joint  strength  and  failure  modes  for  advanced 
graphite/polyimide  laminates  from  116K  and  589K,  as  well  as  the 
effect  of  joint  geometry  and  temperature  on  joint  strength  and 
failure  mode.  Note:  The  results  of  the  experimental  program  are 
reported  in  NASA  TP-2015,  "Experimental  Data  on  Single-Bolt  Joints 
in  Quasi-Isotropic  Graphite/Polyimide  Laminates."  Joint  strength 
in  net  tension,  bearing,  and  shear-out  at  116K,  297K,  and  589K  is 
given  for  the  Celion  6000/PMR-15  and  Celion  6000/LARC-160  laminates. 
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DEVELOPMENT  OF  PRECISION  ALIGNMENT  FIXTURE  FOR  TENSILE  TESTING 
78  September  I  -  83  March  31 


Project  Engineer:  Michael  C.  Lightfoot 
Mail  Stop  188B 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2143  FTS  928-2143 

Objective:  To  determine  the  effect  of  precision  alignment  on  the  mean  and 
variance  of  the  tensile  rtrength  of  composite  materials. 

EFFECTS  OF  THERMAL  CYCLING  ON  DIMENSIONAL  STABILITY  OF  GRAPHITE/EPOXY  COMPOSITES 

81  October  1  -  84  September  30 

Project  Engineer:  Dr.  Stephen  S.  Tompkins 
Mail  Stop  188B 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2143  FTS  928-2143 

Objective:  To  determine  the  effects  of  thermal  cycling  from  1 1 7K  to  400K  on 
dimensional  staoility  of  graphite/epoxy  composites. 

RADIATION  EFFECTS  ON  MATERIALS  FOR  STRUCTURAL  COMPOSITES 
79  July  1  -  84  June  30 

Project  Engineer:  Dr.  Edward  R.  Long,  Jr. 

Mail  Stop  396 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3892  FTS  928-3892 

Objective:  To  determine  and  correlate  the  effects  of  particulate  radiation 

exposure  on  the  properties  and  chemical  structure  of  materials  for 
structural  composites  and  to  develop  procedures  for  accelerated 
laboratory  simulation  of  long-term  missions  in  a  space  radiation 
environment. 

DIMENSIONAL  STABILITY  OF  METAL-MATRIX  COMPOSITES  IN  THE  SPACE  ENVIRONMENT 

82  October  1  -  85  September  30 

Project  Engineer:  Dr.  Stephen  S.  Tompkins 
Mail  Stop  188B 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2143  FTS  928-2143 

Objective:  To  determine  and  predict  the  dimensional  changes  induced  by  long¬ 
time  exposure  to  the  space  environment. 
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EFFECT  OF  MICROCRACKING  ON  THE  DIMENSIONAL  STABILITY  OF  COMPOSITES 
80  October  1  -  84  September  30 

Project  Engineer:  David  E.  Bowles 
Mail  Stop  188B 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2143  FTS  928-2143 

Objective:  To  develop  analytical  methods  to  predict  the  effect  of  micro¬ 
cracking  on  the  dimensional  stability  of  graphite/resin  composites 
and  correlate  with  experimental  data. 

POSTBUCKLING  AND  CRIPPLING  OF  COMPRESSION-LOADED  COMPOSITE  STRUCTURAL  COMPONENTS 
79  March  1  -  83  September  30 

Project  Engineer:  Dr.  James  H.  Starnes,  Jr. 

Mail  Stop  190 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2552  FTS  928-2552 

Objective:  To  study  the  postbuckling  and  crippling  of  compression-loaded  com¬ 
posite  components  and  to  determine  the  limitations  of  postbuckling 
design  concepts  to  structural  applications. 

DESIGN  TECHNOLOGY  FOR  STIFFENED  CURVED  COMPOSITE  PANELS 
79  October  1  -  83  September  30 

Project  Engineer:  Dr.  James  H.  Starnes,  Jr. 

Mail  Stop  190 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2552  FTS  928-2552 

Objective:  To  develop  verified  design  technology  for  generic  advanced-composite 
stiffened  curved  panels. 

COMPRESSION  STRENGTH  OF  COMPOSITE  LAMINATES  WITH  CUTOUTS 
77  October  1  -  83  September  30 

Project  Engineer:  Mark  Shuart 
Mail  Stop  190 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2813  FTS  928-2813 

Objective:  To  study  the  effects  of  cutouts  on  the  compression  strength  of  com¬ 
posite  structural  components  and  to  identify  the  failure  modes  that 
govern  the  behavior  of  compression-loaded  components  with  cutouts. 


369 


POSTBUCKLING  OF  FLAT  STIFFENED  GRAPHITE/EPOXY  SHEAR  WEBS 
81  July  1  -  83  September  30 

Project  Engineer:  Marshall  Rouse 

Mail  Stop  190 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-4585  FTS  928-4585 

Objective:  To  study  the  postbuckling  response  and  failure  characteristics  of 
flat  stiffened  graphite/epoxy  shear  webs. 

CURVED  GRAPHITE/EPOXY  PANELS  SUBJECTED  TO  INTERNAL  PRESSURE 
80  October  1  -  83  September  30 

Project  Engineer:  Richard  L.  Boitnott 

Mail  Stop  190 

Structures  Laboratory,  USARTL  (AVRADCOM) 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3714  FTS  928-3714 

Objective:  To  study  the  effects  of  internal  pressure  on  the  nonlinear  response 
and  failure  characteristics  of  curved  graphite/epoxy  panels. 

POSTBUCKLING  ANALYSIS  OF  GRAPHITE/EPOXY  LAMINATES 
80  October  1  -  83  September  30 

Project  Engineer:  Dr.  Manuel  Stein 

Mail  Stop  190 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2813  FTS  928-2813 

Objective:  To  develop  accurate  analyses  for  the  postbuckling  response  of 
graphite/epoxy  laminates  and  to  determine  the  parameters  that 
govern  postbuckling  behavior. 

STRUCTURAL  PANEL  ANALYSIS  AND  SIZING  CODE  FOR  STIFFENED  PANELS 
79  October  1  -  83  September  30 

Project  Engineers:  Dr.  Melvin  S.  Anderson 

Dr.  W.  Jefferson  Stroud 
Mail  Stop  190 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3054  FTS  928-3054 

Objective:  To  develop  an  accurate  analysis  and  structural  optimization  capa¬ 
bility  for  stiffened  composite  panels  subjected  to  inplane  tension, 
compression,  shear,  normal  pressure,  and  thermal  loads. 
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COMPRESSION  STRENGTH  OF  COMPOSITE  LAMINATES  WITH  LOW-VELOCITY  IMPACT  DAMAGE 
76  October  1  -  83  September  30 


Project  Engineer:  Dr.  Jerry  G.  Williams 
Mail  Stop  190 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3524  FTS  928-3524 

Objective:  To  study  the  effects  of  low-velocity  impact  damage  on  the  compres¬ 
sion  strength  of  composite  structural  components  and  to  identify 
the  failure  modes  that  govern  the  behavior  of  compression-loaded 
components  subjected  to  low-velocity  impact  damage. 

DAMAGE  TOLERANT  DESIGN  TECHNOLOGY  FOR  COMPRESSION-LOADED  COMPOSITE  STRUCTURAL 

COMPONENTS 

78  October  1  -  83  September  30 

Project  Engineer:  Dr.  Jerry  G.  Williams 
Mail  Stop  190 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3524  FTS  928-3524 

Objective:  To  develop  structural  design  concepts  for  containing  and  resisting 
damage  in  compression-loaded  composite  structural  components. 


CONTRACTS 


INCREMENTAL  ANALYSIS  OF  IMPACT  DAMAGE 
NAS 1-1 5888 

79  August  3-83  March  30 

Project  Engineer:  Walter  II lg 

Mail  Stop  188E 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2338  FTS  928-2338 

Principal  Investigator:  Edward  A.  Humphreys 

Materials  Sciences  Corporation 
Gwynedd  Plaza  II 
Bethlehem  Pike 

Spring  House,  Pennsylvania  19477 
(215)  542-8400 

Objective:  To  develop  an  incremental  damage  analysis  that  predicts  the  extent 
of  fiber  breaks  and  matrix  delaminations  as  a  projectile  transfers 
energy  to  a  laminate  in  discrete  steps.  At  each  step,  failure 
criteria  determine  the  advance  of  damage  and  thus  establish  the 
configuration  for  the  next  increment  of  deformation. 

TRANSIENT  STRAINS  DUE  TO  IMPACT 
NASI -16763 

81  August  20  -  82  December  31 

Project  Engineer:  Walter  1 1 1 g 

Mail  Stop  188E 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2338  FTS  928-2338 

Principal  Investigator:  Dr.  I.  M.  Daniel 

1 1 T  Research  Institute 
10  West  35th  Street 
Chicago,  IL  60616 
(312)  542-4402 

Objective:  To  characterize  impact  damage  in  graphite/epoxy  composite  laminates 
and  correlate  it  with  transient  strain  and  deformation  history 
during  impact.  Plate  and  beam  specimens  containing  embedded  strain 
gages  will  be  impacted  with  projectiles  of  various  radii  at  two 
velocities. 
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IMPACT  CONTACT  STRESS  ANALYSIS 

NAG-1-222 

81  November  1  -  83  October  31 

Project  Engineer:  Walter  II lg 

Mail  Stop  188E 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2338  FTS  928-2338 

Principal  Investigator:  Dr.  C.  T.  Sun 

School  of  Aeronautics  and  Astronautics 
Purdue  University 
West  Lafayette,  Indiana  47907 
(317)  749-2527 

Objective:  To  integrate  the  contact  behavior  and  dynamic  structural  response 
to  solve  impact  problems  involving  laminates  under  initial  stress 
With  the  aid  of  the  previously-developed  contact  law,  the  dynamic 
response  of  the  laminate  will  be  modeled  by  finite  elements. 
Impact  damage  will  be  investigated  experimentally  and  correlated 
with  the  results  of  the  analysis. 

QUANTITATIVE  RECONSTRUCTIVE  ULTRASONIC  IMAGING 

NCCI-50 

81  April  1  -  84  March  31 

Project  Engineer:  Dr.  Joseph  S.  Heyman 
Mail  Stop  499 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3418  FTS  928-3418 

Principal  Investigator:  Dr.  Gary  Brandenburger 

Virginia  Associated  Research  Campus 
College  of  William  and  Mary 
12070  Jefferson  Avenue 
Newport  News,  Virginia  23606 
(804)  877-9231 


Objective:  To  develop  a  state-of-the-art  ultrasonic  reconstructive  imaging 
system  for  quantitative  materials  characterization. 


QUANTITATIVE  PHYSICAL  ANALYSIS  OF  IMPACT  DAMAGE 

NSG-1601 

80  March  I  -  84  February  28 

Project  Engineer:  Dr.  Joseph  S.  Heyman 
Mail  Stop  499 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3418  FTS  928-3418 

Principal  Investigator:  Professor  James  G.  Miller 

Laboratory  for  Ultrasonics 
Physics  Department 
Washington  University 
St.  Louis,  Missouri  63130 
(314)  889-6229 

Objective:  To  improve  nondestructive  acoustic/ultrasonic  techniques  for  quan¬ 
titative  characterization  of  defects  in  composite  materials  and  to 
investigate  new  quantitative  measurement  phenomena  applicable  to 
graphite/epoxy. 

NONEQUILIBRIUM  MATERIAL  EFFECTS  ON  THE  BEHAVIOR  OF  POLYMERIC  COMPOSITE  MATRICES 

AND  THEIR  RELATED  COMPOSITES 

NAG-1 -78 

80  July  1  -  82  September  30 

Project  Engineer:  Dr.  Norman  J.  Johnston 
Mail  Stop  226 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3041  FTS  928-3041 

Principal  Investigator:  Dr.  Garth  L.  Wilkes 

Department  of  Chemical  Engineering 
Virginia  Polytechnic  Institute  &  State  University 
Blacksburg,  Virginia  24061 
(703)  961-5498 

Objective:  Following  their  processing  as  composite  matrices,  polymeric  resins 
such  as  epoxies  and  polyimides  initially  are  in  a  nonequilibrium 
state.  The  contractor  will  measure  mechanical  and  sorption  pro¬ 
perty  changes  cf  the  resins  as,  over  several  thousand  hours,  they 
approach  an  equilibrium  state.  A  determination  will  be  made  whether, 
and  to  what  extent,  resin  property  changes  are  reflected  in  carbon 
fiber  composite  property  changes. 
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APPLICATION  OF  NONLINEAR  IRREVERSIBLE  THERMODYNAMICS  TO  COMPOSITE  MATERIALS 
NASI -1 6301 

80  August  18  -  82  September  30 

Project  Engineer:  Dr.  Norman  J.  Johnston 
Mail  Stop  226 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3041  FTS  928-3041 

Principal  Investigator:  Dr.  Paul  H.  Lindenmeyer 

Boeing  Aerospace  Company 
P.  0.  Box  3999 
Seattle,  Washington  98124 
(206)  237-5650 

Objective:  To  apply  nonlinear  irreversible  thermodynamics  to  the  fracture 

mechanics  of  composite  materials;  namely,  to  determine  how  a  com¬ 
posite  will  respond  to  a  changing  environment  when  the  flow  of 
energy  (i.e.,  the  power)  becomes  sufficiently  great  so  that  the 
system  responds  uy  the  formation  of  dissipative  rather  than  equi¬ 
librium  structures  or  defects. 

GRAPHITE  FIBER  SURFACE  TREATMENT 
NASI -15869 

80  September  26  -  82  September  30 

Project  Engineer:  Dr.  Terry  L.  St.  Clair 
Mail  Stop  226 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3041  FTS  928-3041 

Principal  Investigator:  Dr.  James  T.  Paul,  Jr. 

Hercules  Incorporated 
Research  Center 
Wilmington,  Delaware  19899 
(302)  995-3000 

Objective:  To  determine  how  various  sizings  and  coatings  on  graphite  fibers 

affect  the  impact  tolerance  of  composite  panels  made  with  the  modi¬ 
fied  fibers.  To  determine  the  effect  of  such  modifications  on  the 
mechanical  and  thermo-oxidative  properties  of  laminates. 
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PROCEEDINGS  OF  THE  ANNUAL  MECHANICS  OF  COMPOSITES 
REVIEW  (8TH)  HELD  AT‘WR..(U}  AIR  FORCE  WRIGHT 
AERONAUTICAL  LABS  WRIGHT-PATTERSON  AFB  OH  L  A  WILSON 
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FIBER/MATRIX  LOAD  INTERACTIONS 

NASI -15749 

80  September  19-82  August  31 

Project  Engineer:  Dr.  Stephen  S.  Tompkins 
Mail  Stop  188B 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2143  FTS  928-2143 

Principal  Investigator:  Dr.  Paul  McMahon 

Celanese  Research  Company 
86  Morris  Avenue 
Summit,  New  Jersey  07901 
(201)  522-7500,  ext.  425 

Objective:  To  characterize  and  model  the  interactions  between  fibers  and  resin 
within  graphite/epoxy  composite  materials.  To  determine  the  effects 
of  the  interface  properties  on  composite  laminate  properties  and 
correlate  the  properties  of  the  interface  with  lamina  and  laminate 
properties.  Note:  Results  are  reported  in  NASA  CR-3607. 

FRACTURE  AND  CRACK  GROWTH  IN  0RTH0TR0PIC  LAMINATES 

NSG-1606 

79  July  1  -  83  May  31 

Project  Engineer:  C.  C.  Poe,  Jr. 

Mail  Stop  188E 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2338  FTS  928-2338 

Principal  Investigator:  Dr.  Jonathan  Awerbuch 

Department  of  Mechanical  Engineering 
Drexel  University 
Philadelphia,  Pennsylvania  19104 
(215)  895-2291 

Objective:  To  explore  the  fracture  characteristics  of  graphite/polyimide  com¬ 
posites  at  elevated  temperatures  using  laminates  with  slits. 


FRACTURE  AND  CRACK  GROWTH  IN  ORTHOTROPIC  LAMINATES 
NSG-1297 

74  October  16-83  October  15 

Project  Engineer:  C.  C.  Poe,  Jr. 

Mail  Stop  188E 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2338  FTS  928-2338 

Principal  Investigator:  Dr.  James  G.  Goree 

Department  of  Mechanical  Engineering 

Clemson  University 

Clemson,  South  Carolina  29631 

(803)  656-3291 

Objective:  To  develop  analyses  that  predict  strength  of  buffer  strip  panels 
using  models  that  treat  the  fiber  and  matrix  as  discrete  elements. 

THREE-DIMENSIONAL  STRESS  ANALYSIS  OF  FASTENER  HOLES 
NCCI-36 

80  October  1  -  84  September  30 

Project  Engineer:  Dr.  John  H.  Crews,  Jr. 

Mail  Stop  188E 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3012  FTS  928-3012 

Principal  Investigator:  Dr.  I.  S.  Raju 

Mail  Stop  188E 

Joint  Institute  for  Advancement  of  Flight  Sciences 
George  Washington  University  at  NASA  Langley  Research 
Center 

Hampton,  Virginia  23665 

(804)  827-3178  FTS  928-3178 

Objective:  To  compute  3-D  stresses  near  unloaded  and  loaded  fastener  holes  in 
laminated  composites.  These  stresses  are  needed  to  predict  the 
delamination  onset  in  bolted  joints. 
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THE  VISCOELASTIC  CHARACTERIZATION  AND  LIFETIME  PREDICTION  OF  STRUCTURAL 

ADHESIVES 

NAG- 1-227 

81  October  1  -  83  September  30 

Project  Engineer:  Dr.  W.  S.  Johnson 
Mail  Stop  188E 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2715  FTS  928-2715 

Principal  Investigator:  Dr.  H.  F.  Brinson 

Department  of  Engineering  Science  and  Mechanics 
Virginia  Polytechnic  Institute  &  State  University 
Blacksburg,  Virginia  24061 
(703)  961-6627 

Objective:  To  develop  a  procedure  to  predict  the  failures  of  adhesive  joints 
where  service  life  must  span  10  to  20  years  using,  as  a  basis, 
analytical  projections  or  extrapolations  from  short-time  test  data. 

MATERIAL  CHARACTERIZATION  OF  STRUCTURAL  ADHESIVES  IN  THE  LAP-SHEAR  MODE 

NAG- 1-284 

82  June  1  -  83  May  31 

Project  Engineer:  Dr.  W.  S.  Johnson 
Mail  Stop  188E 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2715  FTS  928-2715 

Principal  Investigator:  Dr.  Erol  Sancaktar 

Mechanical  &  Industrial  Engineering  Department 
Clarkson  College  of  Technology 
Potsdam,  New  York  13676 
(315)  268-2308 

Objective:  A  general  method  for  characterizing  structural  adhesives  in  the 
bonded  lap- shear  mode  is  proposed.  Two  approaches  In  the  form  of 
semi-empirical  and  theoretical  approaches  will  be  used. 
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EVALUATION  OF  THE  DURABILITY  AND  DAMAGE  TOLERANCE  OF  CTOL  COMPOSITE  STRUCTURES 
NAS 1-15107 

77  October  12  -  83  July  1 

Project  Engineer:  Edward  P.  Phillips 
Mail  Stop  188E 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3192  FTS  928-3192 

Principal  Investigator:  Ray  Horton 

Boeing  Commercial  Airplane  Company 
P.  0.  Box  3707 
Seattle,  Washington  98124 
(206)  241-3443 

Objective:  To  perform  selected  analysis,  fabrication,  and  testing  tasks  in 
the  general  area  of  durability  and  damage  tolerance  of  graphite/ 
epoxy  composites,  laminates,  and  structures.  Current  tasks 
involve  design  and  fabrication  of  damage  tolerance  test  specimens— 
unstiffened  panels  containing  glass  or  Kevlar  buffer  strips  and 
stiffened  panels  without  buffer  strips. 

A  STUDY  OF  STIFFNESS,  RESIDUAL  STRENGTH,  AND  FATIGUE  LIFE  RELATIONSHIPS  FOR 
COMPOSITE  LAMINATES 
NASI -16406 

80  October  1  -  83  August  15 

Project  Engineer:  Dr.  T.  Kevin  O'Brien 
Mail  Stop  188E 

Structures  Laboratory,  USARTL  (AVRADCOM) 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3011  FTS  928-3011 

Principal  Investigators:  Dr.  James  T.  Ryder 

Lockheed-California  Company 
Burbank,  California  91520 
(213)  847-6121,  ext.  291 

Dr.  Frank  W.  Crossman 
Lockheed  Research  Laboratory 
Palo  Alto,  California  94304 
(415)  858-4034 

Objective:  To  develop  quantitative  relationships  between  laminate  stiffness, 
residual  strength,  and  fatigue  life  for  unnotched  laminates. 
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FATIGUE  DAMAGE  IN  NOTCHED  COMPOSITE  LAMINATES  UNDER  TENSION-TENSION  CYCLIC  LOADS 

NAG-1 -232 

82  January  1  -  83  January  1 

Project  Engineer:  Dr.  T.  Kevin  O'Brien 
Mail  Stop  188E 

Structures  Laboratory,  USARTL  (AVRADCOM) 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3011  FTS  928-3011 

Principal  Investigator:  Dr.  Wayne  W.  Stinchcomb 

Department  of  Engineering  Science  &  Mechanics 
Virginia  Polytechnic  Institute  &  State  University 
Blacksburg,  Virginia  24061 
(703)  961-5316 

Objective:  To  determine  life-limiting  fatigue  damage  mechanisms  in  graphite/ 
epoxy  laminates  containing  open  holes  and  subjected  to  tension 
fatigue  loading. 

QUANTITATIVE  STUDY  OF  INSTABILITY-RELATED  DELAMINATION  GROWTH 

NASI -16727 

81  July  13-83  January  13 

Project  Engineer:  John  D.  Whitcomb 
Mail  Stop  188E 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3011  FTS  928-3011 

Principal  Investigator:  Dr.  R.  L.  Ramkumar 

Dept.  3852/82 
Northrop  Corporation 
Aircraft  Division 
One  Northrop  Avenue 
Hawthorne,  California  90250 
(213)  970-5075 

Objective:  To  predict  the  rate  of  instability-related  delamination  growth. 

Simple  tests  will  be  performed  to  quantify  the  relationship  between 
delamination  growth  rate  and  Mode  I  and  Mode  II  strain-energy- 
release  rates. 


DESIGN  ALLOWABLES  CHARACTERIZATION  OF  C6000/LARC-160  GRAPHITE/POLYIMIDE 

NASI -151 83 

80  October  1  -  82  October  15 

Project  Engineer:  Gregory  R.  Wichorek 
Mail  Stop  188A 
NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2848  FTS  928-2848 

Principal  Investigator:  H.  Q.  Norris 

Rockwell  International  Corporation 
Space  Division 

Seal  Beach,  California  90740 
(231)  594-3289 

Objective:  To  experimentally  determine  mechanical  properties  of  graphite/ 

polyimide  laminates  for  use  in  designing  aerospace  structures  for 
service  at  temperatures  from  117K  (-250°F)  to  589K  (600°F). 

DESIGN  ALLOWABLES  CHARACTERIZATION  OF  C6000/PMR-15  GRAPHITE/POLYIMIDE 

NASI -15644 

80  October  1  -  82  August  1 

Project  Engineer:  Gregory  R.  Wichorek 
Mail  Stop  188A 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2848  FTS  928-2848 

Principal  Investigator:  D.  E.  Skoumal 

Boeing  Aerospace  Company 
P.  0.  Box  3999 
Seattle,  Washington  99124 
(206)  773-8016 

Objective:  To  experimentally  determine  mechanical  properties  of  graphite/ 

polyimide  laminates  for  use  in  designing  aerospace  structures  for 
service  at  temperatures  from  117K  (-250°F)  to  589K  (600°F).  Note: 
Results  are  reported  in  NASA  CR-165840,  "Design  Allowables  Test 
Program,  Celion  3000/PMR-15  and  Celion  6000/PMR-15,  Graphite/Polyim- 
ide  Composites,"  by  J.  B.  Cushman  and  S.  F.  McCleskey.  Test  results 
show  a  consistent  material  performance  over  the  temperature  range 
and  environmental  conditions  evaluated.  Material  strengths  and 
stiffnesses  were  of  sufficient  magnitude  to  demonstrate  Celion  3000/ 
PMR-15  and  Celion  6000/PMR-15  as  viable  materials  for  use  in  struc¬ 
tural  applications  at  temperatures  up  to  589K  (600°F). 
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LSST  HOOP/COLUMN  ANTENNA:  MATERIALS  TASK 
NASI -15763 

82  July  20  -  83  March  31 

Project  Engineer:  Dr.  Darrel  R.  Tenney 
Mail  Stop  188B 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2143  FTS  928-2143 

Principal  Investigator:  Marvin  Sullivan 

Harris  Corporation 
P.  0.  Box  37 

Melbourne,  Florida  32901 
(305)  727-5813 

Objective:  To  develop  tension  stabilizing  cables  with  a  high  degree  of 
dimensional  stability  for  use  on  a  100-meter  diameter  space 
deployable  antenna;  to  develop  lightweight,  thermally  stable 
composite  materials  for  structural  members  and  joints. 

EFFECTS  OF  SPECIMEN  VARIABILITY  AND  MATERIAL  DEFECTS  ON  THERMAL  EXPANSION  OF 

GRAPHITE/EPOXY  COMPOSITES 

NCCI-15 

80  October  1  -  83  June  30 

Project  Engineer:  Dr.  Stephen  S.  Tompkins 
Mail  Stop  188B 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2143  FTS  928-2143 

Principal  Investigator:  Dr.  M.  W.  Hyer 

Department  of  Engineering  Science  &  Mechanics 
Virginia  Polytechnic  Institute  &  State  University 
Blacksburg,  Virginia  20461 
(703)  961-5905 

Objective:  To  determine  the  effects  of  variability  between  specimens  and  mate¬ 
rial  defects  formed  during  fabrication  on  the  thermal  expansion  of 
composite  materials. 
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EFFECTS  OF  HIGH-ENERGY  RADIATION  ON  THE  MECHANICAL  PROPERTIES  OF  GRAPHITE 

FIBER  REINFORCED  EPOXY  RESINS 

NSG-1562 

79  October  1  -  82  December  31 

Project  Engineer:  Dr.  Edward  R.  Long,  Jr. 

Mail  Stop  396 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3892  FTS  928-3892 

Principal  Investigators:  Dr.  Jasper  D.  Memory 

Dr.  Raymond  E.  Fornes 
Departments  of  Physics  and  Textiles 
North  Carolina  State  University 
Raleigh,  North  Carolina  27650 
(919)  737-2503/737-3231 

Objective:  To  investigate  the  effects  of  high-energy  radiation  on  graphite 
fiber  composites  by  study  of  composite  curing  effects,  radiation 
exposure  rates,  mechanical  fracture  surfaces,  and  electron  spin 
resonance  properties. 

ENVIRONMENTAL  EXPOSURE  EFFECTS  ON  COMPOSITE  MATERIALS  FOR  COMMERCIAL  AIRCRAFT 

NASI -151 48 

77  November  1  -  88  November  30 

Project  Engineer:  Dr.  Ronald  K.  Clark 
Mail  Stop  188B 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2143  FTS  928-2143 

Principal  Investigator:  Daniel  J.  Hoffman 

Boeing  Commercial  Airplane  Company 
P.  0.  Box  3707 
Seattle,  Washington  98124 
(206)  241-3443 

Objective:  To  provide  technology  in  the  areas  of  characterization  methods 
and  environmental  effects  on  graphite/epoxy  composite  materials, 
including  development  of  accelerated  test  and  analysis  methods  to 
predict  long-term  performance  of  advanced  resin-matrix  composite 
materials  within  20  percent  of  real-time  aircraft  service  exposure 
results. 


TIME-TEMPERATURE-STRESS  CAPABILITIES  OF  COMPOSITE  MATERIALS  FOR  ADVANCED 

SUPERSONIC  TECHNOLOGY  APPLICATIONS 

NASI -12308 

73  June  1  -  84  September  30 

Project  Engineer:  Bland  A.  Stein 
Mail  Stop  226 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3041  FTS  928-3041 

Principal  Investigator:  J.  F.  Haskins 

Mail  Zone  43-6320 

General  Dynamics 

P.  0.  Box  80847 

San  Diego,  California  92138 

(714)  891-8900,  ext.  2088 

Objective:  To  establish  the  time- temperature-stress  characteristics  and 

capabilities  of  five  classes  of  high-temperature  composite  mate¬ 
rials  (graphi te/epoxy,  boron/epoxy,  graphite/polyimide,  boron/ 
polyimide,  and  boron/aluminum)  subjected  to  a  simulated  super¬ 
sonic  cruise  flight  environment  for  up  to  50,000  hours.  Note: 
Phase  I  of  this  contract  has  been  documented  in  NASA  CR-1 59267. 

EFFECTS  OF  STRESS  CONCENTRATIONS  IN  COMPOSITE  STRUCTURES 

NSG-1483 

78  January  15-83  January  15 

Project  Engineer:  Dr.  James  H.  Starnes,  Jr. 

Mail  Stop  190 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2552  FTS  928-2552 

Principal  Investigators:  Dr.  Wolfgang  G.  Knauss 

Dr.  Charles  D.  Babcock 
California  Institute  of  Technology 
Pasadena,  California  91125 
(213)  795-6811,  ext.  1524/1528 

Objective:  To  study  the  effects  of  low-speed  impact  damage  in  composite 
structural  components  using  high-speed  motion  pictures  and  to 
develop  an  analytical  procedure  for  the  propagation  of  the 
resulting  impact  damage. 
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ADVANCED  COMPOSITE  STRUCTURAL  DESIGN  TECHNOLOGY  FOR  COMMERCIAL  TRANSPORT 

AIRCRAFT 

NASI -15949 

79  September  24  -  84  September  24 

Project  Engineer:  Dr.  James  H.  Starnes,  Jr. 

Mail  Stop  190 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2552  FTS  928-2552 

Principal  Investigator:  John  N.  Dickson 

Lockheed-Georgia  Company 
86  South  Cobb  Drive 
Marietta,  Georgia  30063 
(404)  424-3085 

Objective:  To  design,  analyze,  fabricate,  and  test  generic  advanced-composite 
structural  components  for  transport  aircraft  applications  in  order 
to  develop  verified  design  technology. 

STRUCTURAL  OPTIMIZATION  FOR  IMPROVED  DAMAGE  TOLERANCE 
NAG-1 -168 

81  September  1  -  83  October  15 

Project  Engineer:  Dr.  James  H.  Starnes,  Jr. 

Mail  Stop  190 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-2552  FTS  928-2552 

Principal  Investigator:  Dr.  Raphael  T.  Huftka 

Virginia  Polytechnic  Institute  &  State  University 
Blacksburg,  Virginia  24061 
(703)  961-6611 

Objective:  To  develop  a  structural  optimization  procedure  for  composite  wing 
boxes  that  includes  the  influence  of  damage-tolerance  considera¬ 
tions  in  the  design  process. 
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STRUCTURAL  TEST  SPECIMENS  USING  FIBER-REINFORCED  COMPOSITE  MATERIALS 

NASI -1 2675 

73  September  6-83  March  6 

Project  Engineer:  Dr.  Jerry  G.  Williams 
Mail  Stop  190 

NASA  ’  ngley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3524  FTS  928-3524 

Principal  Investigator:  Cliff  Kam 

Douglas  Aircraft  Company 
3855  Lakewood  Blvd. 

Long  Beach,  California  90846 
(213)  593-5332 

Objective:  To  design,  fabricate,  and  test  composite  compression  components  for 
structural  applications;  to  develop  fabrication  procedures  for 
stiffened  panels;  and  to  evaluate  damage  tolerant  materials. 

EVALUATION  OF  THE  DURABILITY  AND  DAMAGE  TOLERANCE  OF  COMPOSITE  STRUCTURES  SUIT¬ 
ABLE  FOR  COMMERCIAL  TRANSPORT  AIRCRAFT 

NASI -1 51 07 

77  October  1  -  83  September  30 

Project  Engineer:  Dr.  Jerry  G.  Williams 
Mail  Stop  190 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3524  FTS  928-3524 

Principal  Investigator:  John  E.  McCarty 

Boeing  Commercial  Airplane  Company 
P.  0.  Box  3707 
Seattle,  Washington  98124 
(206)  433-1430 

Objective:  To  design,  fabricate,  and  test  generic  composite  structural  com¬ 
ponents  for  commercial  aircraft  applications  that  are  durable  and 
damage  tolerant. 
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COMPRESSION  FAILURE  MECHANISMS  OF  COMPOSITE  STRUCTURES 
NAG- 1-295 

82  September  1  -  83  August  31 

Project  Engineer:  Dr.  Jerry  G.  Williams 
Mail  Stop  190 

NASA  Langley  Research  Center 
Hampton,  Virginia  23665 
(804)  827-3524  FTS  928-3524 

Principal  Investigator:  Dr.  H.  Thomas  Hahn 

Washington  University 
St.  Louis,  Missouri  63130 
(314)  889-6052 

Objective:  To  study  the  effects  of  material  properties  on  microbuckl ing  and 
shear  crippling  failure  modes. 


387 


NAVAL  AIR  SYSTEMS  COMMAND 
WASHINGTON,  D.C.  20361 


INHOUSE 

FATIGUE  OF  COMPOSITES  UNDER  COMPLEX  LOADS 

79  October  -  83  September 

Project  Engineer:  Dr.  P.  W.  Mast 

Naval  Research  Laboratory 

Washington,  D.C.  20375 

(202)  767-2165  Autovon  297-2165 

Objective:  Develop  a  capability  for  predicting  the  structural  response  and 

initiation  of  failure  in  composite  laminates  under  complex  cyclic 
loading. 

DETERIORATION  OF  LAMINATING  RESINS 

81  October  1-82  September  30 

Project  Engineer:  Dr.  J.  Augl 

Naval  Surface  Weapons  Center 
White  Oak,  Silver  Spring,  MD  20910 
(204)  394-2262  Autovon  290-2261 

Objective:  To  investigate  the  mechanisms  of  composite  degradation  under 
storage  and  service  environments  and  to  develop  quantitative 
analytical  procedures  to  predict  such  degradations  and  to 
verify  these  predictions  experimentally. 

HIGH  PERFORMANCE  COMPOSITES  &  ADHESIVES  FOR  NAVAL  AIRCRAFT 

81  October  1-82  September  30 

Project  Engineer:  Dr.  C.  Poranski 

Naval  Research  Laboratory 
Washington,  DC  20375 
(202)  767-2336 

Objective:  To  provide  guidance  for  selection  ot  high  performance  polymers 
for  adhesive  and  composite  systems. 
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CONTRACTS 


DELAMINATION  FAILURE  CRITERIA  FOR  COMPOSITE  STRUCTURES 

80  August  -  83  September 

Project  Engineer:  Dr.  D.  R.  Mulville 

Naval  Air  Systems  Command 

Washington,  DC  20361 

(202)  692-2515  Autovon  222-2515 

Principal  Investigator:  Dr.  R.  Wilkins 

General  Dynamics 
Fort  Worth,  TX  76101 
(817)  732-4811  Ext.  4631 

Objective:  Conduct  experimental  studies  to  develop  a  delamination  failure 
criteria  and  analysis  methods  to  predict  debonding  in  composite 
structures . 

DELAMINATION  IN  COMPOSITE  STEPPED  LAP  JOINTS 

80  August  -  83  June 

Project  Engineer:  Dr.  D.  R.  Mulville 

Naval  Air  Systems  Command 

Washington,  DC  20361 

(202)  692-2515  Autovon  222-2515 

Principal  Investigator:  Dr.  M.  M.  Ratwani 

Northrop  Corporation 
Hawthorne ,  CA  90250 
(213)  970-5285 

Objective:  Conduct  analytical  and  experimental  studies  of  delamination  in 
a  laminated  composite  metallic  stepped  lap  joint  configuration. 

THERMOPLASTIC  MATRIX  COMPOSITES 

N0001 9-8 1-C -0345 

81  July  22  -  82  September  30 

Project  Engineer:  Max  Stander 

Naval  Air  Systems  Command 

Washington,  DC  20361 

(202)  692-6025  Autovon  222-6025 

Principal  Investigator:  Mr.  E.  House 

Boeing  Aerospace  Corporation 
Seattle,  WA  98124 
(206)  655-3081 

Objective:  To  evaluate  the  engineering  properties  of  various  thermo¬ 
plastic  resins  and  known  reinforcements  for  aircraft  structural 
application. 
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FATIGUE  INDUCED  DAMAGE  IN  COMPOSITE  LAMINATES 

78  October  -  83  April 

Project  Engineer:  Dr.  Y.  Rajapakse 

Office  of  Naval  Research 
Washington,  DC  22217 
(202)  696-4307  Autovon  226-4307 
and 

Dr.  D.  R.  Mulville 

Naval  Air  Systems  Command 

Washington,  DC  20361 

(202)  692-2515  Autovon  222-2515 

Principal  Investigator:  Dr.  Z.  Hashin 

University  of  Pennsylvania 
Philadelphia,  PA  19104 

Objective:  Develop  analytical  models  to  describe  the  response  of  composite 
laminates  to  cyclic  loading,  include  problems  of  reduction  of 
elastic  moduli  due  to  initiation  of  microcracking. 

ACCEPTANCE  CRITERIA  FOR  GRAPHITE /EPOXY  STRUCTURES 

79  July  -  82  March 

Project  Engineer:  Dr.  D.  R.  Mulville 

Naval  Air  Systems  Command 

Washington,  DC  20361 

(202)  692-2515  Autovon  222-2515 

Principal  Investigator:  Mr.  R.  Riley 

McDonnell  Aircraft  Company 
St.  Louis,  MD  63166 
(314)  232-0232 

Objective:  Conduct  an  experimental  investigation  to  determine  the  effects 

of  various  void  levels  in  graphite /epoxy  composites  on  structural 
response  under  combined  compression  and  shear  loading. 

FATIGUE  LIFE  AND  RESIDUAL  STRENGTH  OF  COMPOSITE  STRUCTURES 

81  September  -  83  September 

Project  Engineer:  Dr.  D.  R.  Mulville 

Naval  Air  Systems  Command 

Washington,  DC  20361 

(202)  692-2515  Autovon  222-2515 

Principal  Investigators:  Dr.  J.  Yang  and 

Dr.  D.  Jones 

The  George  Washington  University 
Washington,  DC  20052 
(202)  676-6929 

Develop  statistical  models  to  describe  fatigue  life  and  residual  strength 

of  composite  structures. 
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HOLES  AND  FASTENERS  FOR  ADVANCED  COMPOSITES 
N00019-81-C-0387 

81  October  28  -  82  July  30 

Project  Engineer:  Max  Stander 

Naval  Air  Systems  Command 

Washington,  DC  20361 

(202)  692-6025  Autovon  222-6025 

Principal  Investigator:  H.  Turner 

McDonnell  Douglas  Corporation 
St.  Louis,  MO  63166 
(314)  232-9501 

Objective:  To  develop  optimum  hole  preparation  and  fastener  installation 
techniques. 

COMPRESSION  FATIGUE  OF  COMPOSITES 
N00019-82-C-0156  (Northrop) 

N00019-82-C-0063  (U.  Wyo) 

82  May 

Project  Engineer:  Max  Stander 

Naval  Air  Systems  Command 

Washington,  DC  20361 

(202)  692-6025  Autovon  222-6025 

Principal  Investigators:  Mr.  R.  L.  Ramkumar 

Northrop  Corporation 
3901  W.  Broadway 
Hawthorne,  CA  90250 
(213)  970-5075 

Mr.  Don  Adams 
University  of  Wyoming 
Laramie,  WY  82071 
(307)  766-2371 

Objective:  To  investigate  the  compression  fatigue  properties  of  graphite 
fiber  epoxies,  particularly  under  moist  conditions. 

METALLIC  COATINGS  FOR  ADVANCED  COMPOSITES 

N00019-80-C-0059 

80  March 

Project  Engineer:  Max  Stander 

Naval  Air  Systems  Command 

Washington,  DC  20361 

(202)  692-6025  Autovon  222-6025 

Principal  Investigator:  Mr.  C.  Staebler 

Gr unman  Aerospace  Corporation 
Bethpage,  L.I.,  NY  11714 
(516)  575-2244 


Objective: 


1 

To  explore  and  evaluate  the  trade-offs  associated  with  the 
use  of  metallic  coatings  on  graphite  epoxy  composites. 
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NAVAL  AIR  DEVELOPMENT  CENTER 
WARMINSTER,  PA  18974 


1NH01JSE 

COMPOSITE  IMPACT  RESISTANCE 

74  March  -  Continuing 

Project  Engineer:  Lee  W.  Cause 

Naval  Air  Development  Center 
ACSTD/6043 

Warminster,  PA  18974 

(215)  441-2867  Autovon  441-2867 

Objective:  Ascertain  the  impact  response  of  generic  composite  structural 
elements  and  identify  the  physical  mechanisms  associated  with 
impact  damage  and  the  critical  parameters  governing  impact 
response . 

HYBRID  COMPOSITE  FRACTURE  CHARACTERIZATION 

80  September  -  84  September 

Project  Engineer:  Lee  W.  Cause 

Naval  Air  Development  Center 
ACSTD/6043 

Warminster,  PA  18974 

(215)  441-2867  Autovon  441-2867 

Objective:  Characterize  the  strength,  mechanical  properties,  and  failure 
characteristics  of  woven  and  intimately  mixed  hybrid  composite 
laminates , 
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CONTRACTS 


DESIGN  OF  HIGHLY  LOADED  COMPOSITE  JOINTS 

AND  ATTACHNENTS  FOR  TAIL  STRUCTURES 

N62269-82-C-0239 

82  February  -  84  July 

Project  Engineer:  Ramon  Garcia 

Naval  Air  Development  Center 

ACSTD/60432 

Warminster,  PA  18974 

(215)  441-2866  Autovon  441-2866 

Principal  Investigator:  S.  J.  Kong 

Northrop  Corporation 
Aircraft  Group 
Hawthorne,  CA  90250 
(213)  970-3442 

Objective:  To  develop  composite  designs  which  will  permit  the  use  of 

metal  to  composite  bolted  root  attachments  in  aircraft  tail 
structures  as  an  alternative  to  high-load  transfer  adhesive 
bonded  titanium  step  joints.  To  improve  damage  tolerance, 
survivability  and  repairability  over  current  composite  de¬ 
signs.  Structural  efficiency,  manufacturing  feasibility  and 
quality  assurance  requirements  will  be  determined. 

DESIGN  OF  HIGHLY  LOADED  COMPOSITE  JOINTS 

AND  ATTACHMENTS  FOR  WING  STRUCTURES 

N62269-82-C-0238 

82  February  -  84  July 

Project  Engineer:  Ramon  Garcia 

Naval  Air  Development  Center 

ACSTD/60432 

Warminster,  PA  18974 

(215)  441-2866  Autovon  441-2866 

Principal  Investigator:  S.  Garbo 

McDonnell  Aircraft  Co. 

P.0.  Box  516 

St.  Louis,  MO  63166 

(314)  233-8626 

Objective:  To  develop  composite  designs  which  will  permit  the  use  of 

metal  to  composite  bolted  root  attachments  in  aircraft  wing 
structures  as  an  alternative  to  high-load  transfer  adhesive 
bonded  titanium  step  joints.  Strain  concentration  around 
fastener  holes,  fatigue  and  environmental  affects,  damage 
tolerance  and  repairability  for  each  concept  will  be  deter¬ 
mined. 


MAGNAWEAVE  TEST  SPECIMENS 
N62269-81-  0274 

81  June  -  82  September 

Project  Engineer:  Lee  W.  Gause 

Naval  Air  Development  Center 
ACStd/6043 

Warminster,  PA  18974 

(215)  441-2867  Autovon  441-2867 

Principal  Investigator:  Dr.  R.  A.  Florentine 

The  Cumagna  Corporation 
26  S.  Wakefield  Road 
Norristown,  PA  19401 
(215)  539-7280 

Objective:  Provide  a  variety  of  multi-dimensional  woven  composite  test 
specimens  to  be  used  for  static,  impact  and  fatigue  strength 
characterization. 


EFFECTS  OF  LAYUP  AND  LOADING  FREQUENCY  ON  FATIGUE  LIFE  OF  GRAPHITE/EPOXY 

N62269-81-C-0258 

81  September  -  82  September 

Project  Engineer:  Lee  W.  Gause 

Naval  Air  Development  Center 
ACSTD/6043 

Warminster,  PA  18974 

(215)  441-2867  Autovon  441-2867 

Principal  Investigator:  C.  R.  Saff 

McDonnell  Aircraft  Co. 

St.  Louis,  MO  63166 
(314)  234-1594 

Objective:  The  effect  of  cyclic  frequency  on  fatigue  life  of  layups  used 

in  aircraft  structure  is  not  well  characterized.  The  objective 
of  this  program  is  to  determine  the  sensitivity  of  these  layups 
to  load  frequency  and  to  develop  analysis  techniques  that  can 
identify  particularly  sensitive  layups  so  that  their  behavior 
can  be  considered  in  the  design  and  analysis  of  aircraft  structure- 
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QUASI  3-DIMENSIONAL  FINITE  ELEMENT  ANALYSIS  OF  DELAMINATION  GROWTH  IN 

COMPOSITES 

N62269-82-C-0250 

82  April  -  83  October 

Project  Engineer:  Lee  W,  Gause 

Naval  Air  Development  Center 
ACSTD/6043 

Warminster,  PA  18974 

(215)  441-2867  Autovon  441-2867 

Principal  Investigator:  Dr.  A.  S.  D.  Wang 

Drexel  University 
Philadelphia,  PA  19104 
(215)  895-2297 

Objective:  Linear  elastic  fracture  mechanics  will  be  generalized  to  the 
more  complicated,  two-dimensional  delamination  process  by 
providing  a  convenient  computational  scheme  to  accurately 
determine  the  three-dimensional  stress  field  surrounding  a 
delamination  crack  and  a  general  delamination  growth  criterion 
developed . 

POLYMER  MATRIX  FATIGUE  PROPERTIES 

N62269-80-C-0278 

80  September  -  82  September 

Project  Engineer:  Lee  W.  Gause 

Naval  Air  Development  Center 
ACSTD/6043 

Warminster,  PA  18974 

(215)  441-2867  Autovon  441-2867 

Principal  Investigator:  Dr.  D.  F.  Adams 

University  of  Wyoming 
Laramie,  WY  82071 
(307)  766-2371 

Objective:  Characterize  and  compare  the  fatigue  properties  of  various 
matrix  materials  and  correlate  the  resin  fatigue  properties 
to  composite  laminate  fatigue  behavior. 


J 


396 


1 


SUPPRESSION  OF  DELAMINATION  IN  COMPOSITES  BY  THICKNESS  DIRECTION 

REINFORCEMENT 

N62269-82-C-0248 

82  June  -  83  December 

Project  Engineer:  Lee  W.  Gause 

Naval  Air  Development  Center 
ACSTD/6043 

Warminster,  PA  18974 

(215)  441-2867  Autovon  441-2867 

Principal  Investigator:  Dr.  C.  T.  Sun 

Purdue  University 

West  Lafayette,  Indiana  47907 

(317)  494-5130 

Objective:  Improve  the  damage  tolerance  and  durability  of  laminated 

composite  structure  by  providing  thickness-direction 
reinforcement  to  constrain  the  growth  of  delamination  damage. 


DEVELOPMENT  OF  HIGH  STRAIN  COMPOSITE  WING 

N62269-81-C-0727 

81  September  -  84  March 

Project  Engineer:  Mark  Libeskind 

Naval  Air  Development  Center 

ACSTD/60433 

Warminster,  PA  18974 

(215)  441-2866  Autovon  441-2866 

Principal  Investigator:  J.  Bruno 

Grumman  Aerospace  Corp. 

Bethpage,  NY  11714 
(516)  575-2648 

Objective:  Design  and  evaluate  an  advanced  composite  wing  which  operates 
at  significantly  higher  strain  levels  than  current  composite 
wings  resulting  in  significant  weight  savings.  Emphasis  will 
be  placed  upon  damage  tolerance,  survivability,  durability 
and  repairability. 
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APPENDIX  C 

ATTENDANCE  LIST 


MECHANICS  OF  COMPOSITES  REVIEW 
STOUFFER'S  DAYTON  PLAZA  HOTEL 
DAYTON,  OHIO 
5-7  October  1982 


LIST  OF  ATTENDEES 


Northrop  Corporation 
Attn:  Ben  Agarwal 
1  Northrop  Avenue 
Hawthorne,  CA  90250 
(213)970-5075 

Northrop  Corporation 
Attn:  G.  0.  Andersen 
Dept  E234/91 
1  Northrop  Avenue 
Hawthorne,  CA  90250 

Harris  GESD 
Attn:  Kenneth  E.  Ard 
P.0.  Box  37,  15/901 
Melbourne,  FL  32901 
(305)727-6076 

Harris  GESD 

Attn:  M.  Frank  Arthur 
P.0.  Box  37,  15/500A 
Melbourne,  FL  32901 
(305)727  5132 

University  of  Dayton 
Research  Institute 
Attn:  Robert  Askins 
300  College  Park  Avenue 
D ay ton,  OH  45469 
(513)229-2517 

North  Carolina  A&T  State 
Uni  vers i ty 

Attn:  V.  Sarma  Avva 

Dept  of  Mechanical  Engineering 

Greensboro,  NC  27411 

(919)379-7620 

Drexel  University 
Attn:  Jonathan  Awerbuch 
Dept  of  Mechanical  Engineering 
and  Mechanics 
Philadelphia,  PA  19104 
(215)895-2291 


The  Boeing  Company 
Attn:  Bjorn  F.  Backman 
P.0.  Box  3707 
M/S  44-56 

Seattle,  WA  98124 
(206)655-1098 

Lockheed  Missiles  &  Space  Company 
Attn:  John  A.  Bailie 
0/81-12,  Bldg  154 
1 1 1 1  Lockheed  Way 
Sunnyvale,  CA  94086 
(408)742-9226 

Battel le  Columbus  Laboratories 
Attn:  Michael  L.  Basehore 
505  King  Avenue 
Columbus,  OH  43201 
(614)424-4509 

AFWAL/FI BEC 
Attn:  Marvin  Becker 
Wright-Patterson  AFB.  OH  45433 
(513)255-6104 

NASA  Lewis  Research  Center 
Attn:  Donald  R.  Behrendt 
21000  Brookpark  Road 
Cleveland,  OH  44135 
(216)433-4000  ext  6603 

Ciba-Geigy  Corporation 
Attn:  Kenneth  R.  Berg 
10910  Talbert  Avenue 
Fountain  Valley,  CA  92708 
(714)964-2731 

ASD/FIEFS 

Attn:  Richard  Bess 
Wright-Patterson  AFB,  OH  45433 
(513)255-6376 

Lockheed-Georgia  Company 
Attn:  Sherrill  B.  Biggers 
D72-77,  2-415 
86  S.  Cobb  Drive 
Marietta,  GA  30063 
(404)425-6096 
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Aeronca,  Inc. 

Attn:  Joe  Boros ic 
1712  Germantown  Road 
Middletown,  OH  45042 
(513)422-2751 

TRW  Hartzell  Propeller 
Attn:  Richard  D.  Bowerman 
350  Washington  Avenue 
Piqua,  OH  45356 
(513)778-4345 

NASA  Lewis  Research  Center 
Attn:  Kenneth  J.  Bowles 
21000  Brookpark  Road 
Cleveland,  OH  44135 
(216)433-4000  ext  6967 

Owens-Corning  Fiberglas  Tech  Ctr 
Attn:  Patricia  A.  Burdick 
P.0.  Box  415 
Granville,  OH  43023 
(614)587-8052 

Martin  Marietta-Orlando 
Attn:  Jack  R.  Burton 
911  Alameda  Drive 
Longwood,  FL  32750 
(305)352-2959 

University  of  Dayton 
Research  Institute 
Attn:  John  D.  Camping 
300  College  Park  Avenue 
Dayton,  OH  45469 
(513)255-4903 

AFWAL/FIBEC 

Attn:  Lt  Raymond  K.  Cannon 
Wright-Patterson  AFB,  OH  45433 
(513)255-6104 

NASA  Lewis  Research  Center 
Attn:  Christos  C.  Chamis 
21000  Brookpark  Road 
Cleveland,  OH  44135 
(216)433-4000  ext  6831 

Bell  Helicopter 
Attn:  Wen  Chan 
P.0.  Box  482 
Ft  Worth,  TX  76101 
(817)280-2601 


Rockwell  International  Corporation 

Attn:  James  B.  Chang 

201  N.  Douglas  Street 

P.0.  Box  92098 

Los  Angeles,  CA  90009 

(213)647-6214 

Materials  Sciences  Corporation 
Attn:  S.  N.  Chatterjee 
Gwynedd,  Plaza  II 
Bethlehem  Pike 
Springhouse,  PA  19477 
(215)542-8400 

Dyna  East  Corporation 
Attn:  Pei  Chi  Chou 
227  Hemlock  Road 
Wynnewood,  PA  19096 
(215)386-4884 

University  of  Dayton 
Research  Institute 
Attn:  Kenneth  I.  Clayton 
Dayton,  OH  45469 
(513)229-3018 

Lockheed-Georgia  Corporation 
Attn:  Bobbv  Cole 
DeDt  72-77,  MZ  415 
86  South  Cobb  Drive 
Marietta,  GA  30063 
(404)424-5182 

University  of  Dayton 
Research  Institute 
Attn:  Robert  Conner 
Dayton ,  OH  45469 
(513)229-3016 

AFWAL/FIESE 

Attn:  Gregory  J.  Czarnecki 
Wright-Patterson  AFB,  OH  45433 
(513)255-6302 

Watervliet  Arsenal 
Attn:  Juliano  D'Andrea 
Watervliet,  NY  12189 

Illinois  Institute  of  Technology 
Attn:  Isaac  M.  Daniel 
Mechanical  Engineering  Department 
Chicago,  IL  60616 
(312)567-3186 
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NASA  Langley  Research  Center 
Attn:  John  R.  Davidson 
Mail  Stop  188E 
Hampton,  VA  23665 
(804)827-3012 

Air  Force  Coordinating  Office  for 
Logistics  Research  (AFCOLR) 

Attn:  Paul  E.  Davidson 
Wright-Patterson  AF8,  OH  45433 
(513)255-4758 

AFWAL/FIBAC 
Attn:  Edvins  Oemuts 
Wright-Patterson  AFB,  OH  45433 
(513)255-6639 

University  of  Missouri-Rol la 
Attn:  Lokeswarappa  R.  Dharani 
Dept  of  Engineering  Mechanics 
Rolla,  MO  65401 
(314)341-4586 

Lockheed-Georgia  Company 
Attn:  John  N.  Dickson 
Advanced  Structures  Department 
86  South  Cobb  Drive 
Marietta,  GA  30063 
(404)424-3085 

AFWAL/MLBM 

Attn:  Steven  L.  Donaldson 
Wright-Patterson  AFB,  OH  45433 
(513)255-6685 

Lockheed-California  Company 
Attn:  Robert  A.  Doubt 
Burbank,  CA  91520 
(213)847-8480 

Purdue  University 
Attn:  James  F.  Doyle 
308  Grissom  Hall 
W.  Lafayette,  IN  47906 
(317)494-5145 

Brooks  and  Perkins 
Attn:  Dave  Dronps 
201  Haynes  Street 
Cadillac,  MJ  49601 
(616)775-9715 


AFWAL/MLBM 

Attn:  Lawrence  T.  Drzal 
Wright-Patterson  AFB,  OH  45433 
(513)255-2952 

i 

AFWAL/FIES 

Attn:  George  Ducker 
Wright-Patterson  AFB,  OH  45433 
(513)255-6031 

Massachusetts  Institute  of  Technology 

Attn:  John  Dugundji 

Dept  of  Aeronautics  &  Astronautics 

Room  33-307 

Cambridge,  MA  02139 

(617)253-3758 

ASD/ENFS 

Attn:  Walter  Dunn 
Wright-Patterson  AFB,  OH  45433 
(513)255-2821 

TRW  Hartzell  Propeller 
Attn:  Richard  L.  Edinger 
350  Washington  Avenue 
Piqua,  OH  45356 
(513)778-4346 

General  Dynamics 
Attn:  Jim  Eisenmann 
Fort  Worth,  TX  76101 
(817)732-4811 

Lockheed-California  Company 
Attn:  John  Ekvall 
Burbank,  CA  91520 
(213)847-3993 

University  of  Dayton 
Research  Institute 
Attn:  Ronald  L.  Esterline 
Dayton,  OH  45469 
(513)255-4903 

General  Dynamics/Ft  Worth  Division 

Attn:  John  A.  Fa nt 

P.0.  Box  748 

Fort  Worth,  TX  76101 

(817)732-4811  ext  4631 
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AFWAL/MLBM 

Attn:  Gerald  V.  Flanagan 
Wright-Patterson  AFB,  OH  45433 
(513)255-6685 

AFWAL/MLBC 
Attn:  Shi  omit  Gali 
Wright-Patterson  AFB,  OH  45433 
(513)255-2389 

Battel le  Columbus  Laboratories 
Attn:  Ron  Gal li her 
505  King  Avenue 
Columbus,  OH  43201 
(614)424-4449 

University  of  Delaware 
Attn:  John  Gi 1 lespie 
Newark,  DE  19711 
(302)738-3367 

McDonnell  Aircraft  Company 
Attn:  Samuel  P.  Garbo 
Structural  Research  Department 
P.0.  Box  516 
St  Louis ,  MO  63166 
(314)233-8626 

Ford  Motor  Company 
Attn:  David  L.  Garrett,  Jr. 
25746  Catalina 
Southfield,  MI  48075 
(313)323-1314 

Naval  Air  Development  Center 
Attn:  Lee  W.  Gause 
Code  6043 

Warminster,  PA  18974 
(215)441-2867 

Aeronca,  Inc. 

Attn:  Ronald  B.  Gausvik 
1712  Germantown  Road 
Middletown,  OH  45042 
(513)422-2751 

U.S.  Forest  Products  Laboratory 
Attn:  Charles  C.  Gerhards 
P.0.  Box  5130 
Madison,  WI  53705 
(608)264-5660 


AFOSR/NA 

Attn:  David  A.  Glasgow 
Bolling  AFB,  DC  20332 
(202)767-4937 

Rensselaer  Polytechnic  Institute 
Attn:  Daniel  B.  Goetschel 
Dept  of  Mechanical  Engineering 
Troy,  NY  12181 
(518)270-6471 

ASD/ENFS 

Attn:  John  W.  Goodman 
Wriaht-Patterson  AFB,  OH  45433 
(513)255-5471 

Clemson  University 
Attn:  James  G.  Goree 
Clemson,  SC  29631 

Hercules,  Inc. 

Attn:  Michael  R.  Gorman 
Box  98 

Magna,  UT  84044 
(801)250-5911 

Purdue  University 
Attn:  Alten  F.  G^andt 
School  of  Aerona-j.ics  &  Astronautics 
Grissom  Hall 
W.  Lafayette,  IN  47907 
7)494-'  s.  3 

Naval  Research  Laboratory 
Attn:  Robert  A.  Gray 
Washington  DC  20375 
(202)767-2623 

Effects  Technology,  Inc. 

Attn:  James  E.  Green 
Santa  Barbara,  CA  93111 
(805)964-9831 

McDonnell  Douglas  Astronautics 
Attn:  Longin  Greszczuk 
5301  Bolsa  Avenue 
Huntington  Beach,  CA  92647 
(714)896-3810 

Ohio  State  University 
Engineering  Mechanics 
Attn:  Amos  Gil  at 
155  W.  Woodruff  Avenue 
Columbus,  OH  43210 
(614)422-1269 
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Northrop  Corporation 
Attn:  Glenn  Grimes 
Dept  E234/91 
1  Northrop  Avenue 
Hawthorne,  CA  92050 

AFWAL/MLBM 

Attn:  Vidya  B.  Gupta 
Wright-Patterson  AFB,  OH  45433 
(513)255-4871 

Washington  University 
Attn:  H.  Thomas  Hahn 
Campus  Box  1087 
St.  Louis,  MO  63130 
(314)889-6052 

State  University  of  New  York-Buffalo 

Attn:  Kyung  S.  Han 

Dept  of  Mechanical  &  Aerospace  Engr 

Buffalo,  NY  14260 

(716)636-3058 

Douglas  Aircraft  Company 
Attn:  Leonard  John  Hart-Smith 
McDonnell  Douglas  Corporation 
Long  Beach,  CA  90846 

(213) 593-2131 

Northrop  Corporation 
Attn:  Robert  E.  Helm 
Dept  E234/91 
1  Northrop  Avenue 
Hawthorne,  CA  90250 

Vought  Corporation 
Attn:  Tzu-Li  Ho 
Dallas,  TX 

(214) 266-4379 

University  of  Dayton 
Research  Institute 
Attn:  James  Holverstott 
Dayton ,  OH  45469 
(513)255-3997 

ASD/ENFSF 

Attn:  Harold  W.  Howard 
Wright-Patterson  AFB,  OH  45433 
(513)255-3331 

ASD/ENFSF 

Attn:  Bret  A.  Hyde 
Wright-Patterson  AFB,  OH  45433 
(513)255-4164 


NASA  Langley  Research  Center 
Attn:  Walter  I 11 g 
Hampton,  V A  23665 
(804)827-2335 

ASD/ENFSS 

Attn:  Timothy  P.  Jennewine 
Wright-Patterson  AFB,  OH  45433 
(513)255-5471 

AFWAL/FIBEC 

Attn:  Steve  R.  Johnson 
Wright-Patterson  AFB,  OH  45433 
(513)255-6104 

Virginia  Polytechnic  Institute 
and  State  University 
Attn:  Robert  M.  Jones 
ESM  Department 
Blacksburg,  VA  24061 
(703)961-6746 

Clemson  University 
Attn:  Walter  F.  Jones 
Mechanical  Engineering  Dept 
Clemson,  SC  29631 
(803)656-3470 

Douglas  Aircraft 
Attn:  Cliff  Y.  Kam 
Long  Beach,  CA  90846 
(213)593-5332 

Northrop  Corporation 
Attn:  Han-Pin  Kan 
1  Northrop  Avenue 
Hawthorne,  CA  90250 
(213)970-5075 

Lockheed-Georgia  Company 
Attn:  Kris  Kathiresan 
Advanced  Structures  Department 
86  South  Cobb  Drive 
Marietta,  GA  30063 
(404)424-5183 

Ohio  State  University 
Attn:  Vernal  H.  Kenner 
Dept  of  Engineering  Mechanics 
155  W.  Woodruff 
Columbus,  OH  43210 
(614)422-2179 
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AFWAL/FI BRA 
Attn:  Narendra  Khot 
Wright-Patterson  AFB,  OH  45433 
(513)255-6992 

Rockwell  International 
Attn:  Mehmet  0.  Kiciman 
P.0.  Box  92098 
Los  Angeles,  CA  90009 

(213) 647-3537 

University  of  Dayton 
Research  Institute 
Attn:  Ran  Y.  Kim 
Dayton,  OH  45469 
(513)255-4903 

Thiokol  Corporation 
Attn:  David  Klingerman 
P.0.  Box  524,  MS  287E 
Brigham  City,  UT  84302 
(801)863-3685 

AFWAL/MLBM 

Attn:  Marvin  Knight 
Wright-Patterson  AFB,  OH  45433 
(513)255-7131 

Vought  Corporation 
Attn:  Ronald  Craig  Knight 
Mail  Stop  220-01 
P.0.  Box  225907 
Dallas,  TX  75265 

(214) 266-3350 

Rockwell  International 
Attn:  Donald  Y.  Konishi 
P.0.  Box  92098 
Los  Angeles,  CA  90009 
(213)647-3521 

Northrop  Corporation 
Attn:  jayanth  Kudva 
Hawthorne,  CA  90505 
(213)970-5075 

Teledyne  CAE 

Attn:  Donald  LaChapelle 
1330  Laskey  Road 
Toledo,  OH  43612 
(419)470-3474 

ASD/ENFSF 

Attn:  Juan  C.  Lado 
Wright-Patterson  AFB,  OH  45433 
(513)255-3331 


Massachusetts  Institute  of  Technology 

Attn:  Paul  A.  Lagace 

Room  33-313 

Cambridge,  MA  02139 

(617)253-3628 

AFWAL/MLBM 

Attn:  Hulikal  V.  Lakshminarayana 
Wright-Patterson  AFB,  OH  45433 
(513)255-4871 

AFWAL/FIESE 

Attn:  Ralph  W.  Lauzze 
Wright-Patterson  AFB,  OH  45433 
(513)255-6302 

U.S.  Forest  Products  Laboratory 
Attn:  Theodore  L.  Laufenberg 
P.0.  Box  5130 
Madison,  WI  53705 
(608)264-5923 

Lockheed-California  Company 
Attn:  Krintina  N.  Lauraitis 
P.0.  Box  551 
D/74-71,  B/204 ,  P/2 
Burbank,  CA  91520 
(213)847-6121  ext  131-291 

ASD/ENFS 

Attn:  John  W.  Lincoln 
Wright-Patterson  AFB,  OH  45433 
(513)255-6879 

The  Bendix  Corporation 

Attn:  Tung  Liu 

3520  W.  Westmoor  Street 

P.0.  Box  10 

Souch  Bend,  IN  46624 

(c  l9)237-5972 

ASD/ENFSF 

Attn:  Frank  C.  Madeka 
Wright-Patterson  AFB,  OH  45433 
(513)255-3331 

Massachusetts  Institute  of  Technology 
Attn:  John  F.  Mandell 
Room  8-209 

77  Massachusetts  Avenue 
Cambridge,  MA  02139 
(617)253-7181 
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Union  Carbide  Corporation 
Attn:  Peter  W.  Manders 
Parma  Technical  Center 
12900  Snow  Road 
Parma,  OH  44130 
(216)676-2338 

Westinghouse  Electric  Company 
Attn:  John  Masters 
1310  Beulah  Road 
Pittsburgh,  PA  15235 
(912)256-7194 

Rockwell  International 
Attn:  Tadashi  Tad  Matoi 
P.O.  Box  92098 
201  North  Douglas 
Los  Angeles,  CA  90245 
(213)647-6928 

Lockheed  Missiles  &  Space  Company 
Attn:  Thomas  G.  McKenzie 
0/81-12,  Bldg  154 
1 1 1 1  Lockheed  Way 
Sunnyvale,  CA  94086 
(408)742-6776 

ASD/FIEFS 

Attn:  Berman  R.  Meadows 
Wright-Patterson  AFB,  OH  45433 
(513)255-6376 

Material  Concepts,  Inc. 

Attn:  Wendell  J.  Meyerer 
666  N.  Hague  Avenue 
Columbus,  OH  43204 
(614)272-5785 

Pratt  &  Whitney 
Attn:  Robert  J.  Miller 
P.O.  Box  2691 
M.S.  B 1 75 

West  Palm  Beach,  FL  33402 
(305)840-5972 

Virginia  Polytechnic  Institute 
and  State  University 
Attn:  Don  H.  Morris 
Dept  of  Engineering  Science  &  Mechanics 
Blacksburg,  VA  24061 
(703)961-5726 


General  Electric  Space  Systems  Di 
Attn:  Bruce  Morton 
P.O.  Box  8555 
Philadelphia,  PA  19101 
(215)962-4608 

The  George  Washington  University 
Attn:  E.  Thomas  Moyer,  Jr. 

Tompkins  Hall 
Washington  DC  20052 
(202)676-6389 

AFWAL/FIBAC 

Attn:  James  L.  Mullineaux 
Wright-Patterson  AFB,  OH  45433 
(513)255-6639 

U.S.  Forest  Products  Laboratory 
Attn:  Joseph  F.  Murphy 
P.O.  Box  5130 
Madison,  WI  53705 
(608)264-5664 

Deutsche  Forschungs-und  Versuchsanstalf 

fur  Luft  und  Raumfahrt  E.  V.  (DFVLR) 

Attn:  Horst  W.  Nowack 

Institut  fur  Werkstoff-Forschung 

5000  Koln  90 

Postfach  90  60  58 

West  Germany 

Martin  Marietta  Aerospace 
Baltimore  Division 
Attn:  Henry  Offermann,  II 
103  Chesapeake  Park  Plaza 
Mail  Stop  #17 
Baltimore,  MD  21220 
(301)338-5594 

AFWAL/FIB 

Attn:  James  J.  Olsen 
Wright-Patterson  AFB,  OH  45433 
(513)255-5723 

Army  Materials  and  Mechanics 
Attn:  Donald  Op linger 
Watertown,  MA  08172 
(617)923-5165 

AFWAL/MLBM 

Attn:  Nicholas  J.  Pagano 
Wright-Patterson  AFB,  OH  45433 
(513)255-6762 


Wright  State  University 
Dept  of  Mathematics 
Attn:  Won  J.  Park 
Dayton ,  OH  45431 
(513)873-2837 

Atlantic  Research  Corporation 
Attn:  Harry  E.  Perkinson,  Jr. 
5390  Cherokee  Avenue 
Alexandria,  VA  22314 
(703)642-4515 

AFWAL/ML 

Attn:  George  P.  Peterson 
Wright-Patterson  AFB,  OH  45433 
(513)255-3758 

ASD/ENFS 

Attn:  Clovis  L.  Petri n,  Jr. 
Wright-Patterson  AFB,  OH  45433 
(513)255-2576 

Naval  Research  Laboratory 
Attn:  Paul  Peyser 
Code  6120 

Washington  DC  20375 
(202)767-3092 

Rockwell  International 
Attn:  Art  Pooler 
2000  N.  Memorial 
Tulsa,  OK 
(918)835-3111 

Boeing  Company 
Attn:  Theodore  Porter 
P.0.  Box  707 
Seattle,  WA  98124 
(206)655-3273 

B.  F.  Goodrich 

Research  8  Development  Center 
Attn:  Marion  G.  Pottinger 
9921  Brecksville  Road 
Brecksville,  OH  44141 
(216)447-5261 

Office  of  Naval  Research 
Attn:  Yapa  Rajapakse 
Code  432 

800  N.  Quincy  Street 
Arlington,  VA  22217 
(202)696-4308 


University  of  Dayton 
Research  Institute 
Attn:  Basava  B.  Raju 
300  College  Park 
Dayton ,  OH  45469 
(513)229-3018 

George  Washington  University 
Attn:  Ivatury  Raju 
NASA  Langley 
Hampton,  VA  23665 
(806)827-3178 

Northrop  Corporation 
Attn:  R.  L.  Ramkumar 
Hawthorne,  CA  90250 
(213)970-5075 

General  Electric  Company 
Attn:  Richard  Ravenhall 
Evendale,  OH  45215 
(513)243-7159 

Regan  Engineering 
Attn:  William  Regan 
3963  US  33N 

Benton  Harbor,  MI  49022 
(616)849-2428 

Boeing  Corporation 
Attn:  Donald  Rothfuss 
4131  83rd  Avenue,  S.E. 

Mercer  Island,  WA  98040 
(206)232-4397 

Naval  Air  Rework  Facility 
Attn:  George  Russell 
M.C.A.S.,  Cherry  Point,  NC  28533 
(919)466-4147 

Virginia  Polytechnic  Institute 
and  State  University 
Attn :  J .  N .  Reddy 
Dept  of  Engineering  Science  8  Mech 
Blacksburg,  VA  24061 
(703)961-6744 

Chrysler  Corporation 
Attn:  Andrew  T.  Regan 
1419  Marlborough 
Ann  Arbor,  MI  48104 
(313)995-2079 
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Georgia  Institute  of  Technology 
Attn:  Lawrence  W.  Rehfield 
Aerospace  Engineering 
Atlanta,  GA  30332 
(404)894-3067 

Virginia  Polytechnic  Institute 
and  State  University 
Attn:  Kenneth  L.  Reifsnider 
ESM  Department 
Blacksburg,  VA  24061 
(703)901-5316 

AFWAL/MLBC 

Attn:  Theodore  J.  Reinhart 
Wright-Patterson  AFB,  OH  45433 
(513)255-2201 

AFWAL/FIESE 
Attn:  James  Remar 
Wright-Patterson  AFB,  OH  45433 
(513)255-6302 

Lockheed-Cal ifornia  Company 
Attn:  John  E.  Rhodes 
P.0.  Box  551 
Burbank,  CA  91520 
(213)847-8580 

University  of  Dayton 
Research  Institute 
Attn:  Michael  J.  Rich 
Dayton,  OH  45469 
(513)255-6809 

Hercules,  Inc. 

Attn:  Robert  A.  Riddle 
Bacchus  Works 
Magna,  UT  84044 
(801)250-5911  ext  3966 

General  Electric  Company 
Attn:  Benjamin  T.  Rodini,  Jr. 
Space  Systems  Division 
P.0.  Box  8555,  Rm  M4018 
Philadelphia,  PA  19101 
(215)962-1822 

Williams  International 
Attn:  George  W.  Rourk 
2280  West  Maple  Road 
P.0.  Box  200 
Walled  Lake,  MI  48088 
(313)624-5200  ext  1407 


AVCO  Aerostructures  Division 
Attn:  Charles  R.  Rousseau 
P.0.  Box  210 
Vultee  Blvd 
Nashville,  TN  37202 
(615)361-2909 

Lockheed-Cal ifornia  Company 
Attn:  James  T.  Ryder 
D/74-71,  B/204,  P/2 
P.0.  Box  551 
Burbank,  CA  91520 
(213)847-6121  ext  291 

McDonnell  Douglas  Corporation 
Attn:  Charles  R.  Saff 
P.0.  Box  516 
St.  Louis,  MO  63166 
(314)234-1594 

AFWAL/FIBCA 

Attn:  Raghbir  S.  Sandhu 
Wright-Patterson  AFB,  OH  45433 
(513)255-5864 

Texas  A&M  University 
Attn:  Richard  A.  Schapery 
Civil  Engineering  Department 
College  Station,  TX  77843 

ASD/ENFSS 

Attn:  Donna  L  Schnur 
Wright-Patterson  AFB,  OH  45433 
(513)255-4487 

Rockwell  International 
Attn:  Irving  Schuster 
4300  E.  Fifth  Avenue 
Columbus,  OH  43216 
(614)239-2605 

Hughes  Helicopters,  Inc. 

Attn:  J.  K.  Sen 
Centinela  &  Teale  Streets 
Culver  City,  VA  90230 
(213)305-5029 

AFWAL/FIBEC 

Attn:  George  Sendeckyj 
Wright-Patterson  AFB,  OH  45433 
(513)255-6104 


Williams  International 
Attn:  Jeffry  0.  Sharp 
2280  West  Maple  Road 
P.0.  Box  200 
Walled  Lake,  MI  48088 
(313)624-5200  ext  1612 

AFALD/PTN 

Attn:  Daniel  M.  Sheets 
Wright-Patterson  AFB,  OH  45433 
(513)255-2241 

Grumman  Aerospace  Corporation 
Attn:  Peter  Shyprykevich 
M.S.  B 10-25 
Bethpage,  NY  11714 
(516)575-6295 

Georgia  Institute  of  Technology 
Attn:  George  J.  Simitses 
225  North  Avenue 
Atlanta,  GA  30332 
(404)894-2770 

Ingalls  Shipbuilding-Litton  Industries 

Attn:  John  M.  Sizemore 

P.0.  Box  149 

M.S.  1090-04 

Pascagoula,  MS  39567 

(601)935-2558 

PLASTEC  ARRADCOM 
Attn:  Adolph  Slobodzinski 
Dover,  NJ  07801 
(201)328-3189 

Battel le  Columbus  Laboratories 
Attn:  Samuel  H.  Smith 
505  King  Avenue 
Columbus,  OH  43201 
(614)424-4447 

ASD/ENFSF 

Attn:  Oral  Lester  Smi thers 
Wright-Patterson  AFB,  OH  45433 
(513)255-2716 

ASD/ENFSS 

Attn:  James  M.  Snead 
Wright-Patterson  AFB,  OH  45433 
(513)255-4487 

AFWAL/FIBEC 
Attn:  Mark  S.  Sobota 
Wright-Patterson  AFB,  OH  45433 
(513)255-6104 


Federal  Aviation  Administration 
Attn:  Joseph  Soderquist 
(AWS-102) 

Independence  Avenue,  S.W. 

Washington  DC  20591 
(202)426-8198 

University  of  Dayton 
Research  Institute 
Attn:  Som  R.  Soni 
Dayton ,  OH  45469 
(513)255-6809 

Ohio  State  University 
Attn:  George  H.  Staab 
Dept  of  Engineering  Mechanics 
155  W.  Woodruff  Avenue 
Columbus,  OH  43210 
(614)422-7920 

NASA  Langley  Research  Center 
Attn:  James  H.  Starnes 
M.S.  190 

Hampton,  VA  23665 
(804)827-2552 

Southern  Research  Institute 
Attn:  H.  Stuart  Starrett 
2000  Ninth  Avenue,  South 
Birmingham,  AL  35255 
(205)323-6592 

Virginia  Polytechnic  Institute 
and  State  University 
Attn:  Wayne  W.  Stinchcomb 
ESM  Department 
Blacksburg,  VA  24061 
(703)961-5316 

Grumman  Aerospace  Corporation 
Attn:  Jim  A.  Suarez 
Bethpage,  NY  11714 
(516)575-6295 

Purdue  University 
Attn:  C.  T.  Sun 
West  Lafayette,  IN  47907 
(317)494-5130 

Purdue  University 

Attn:  Tein-min  Tan 

School  of  Aeronautics  &  Astronautics 

West  Lafayette,  IN  47907 

(317)494-5139 
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General  Dynamics  Convair  Division 

Attn:  Curtis  J.  Tanner 

Kearny  Mesa  Plant 

P.0.  Box  80847 

San  Dieqo,  CA  92138 

(714)277-8900  ext  1870 

ASD/ENFSF 

Attn:  Gary  W.  Taube 
Wright-Patterson  AFB,  OH  45433 
(513)255-3331 

Brooks  &  Perkins 
Attn:  Michael  Timney 
201  Haynes  Street 
Cadillac,  MI  49601 
(616)775-9715 

ASD/ENFSS 

Attn:  Walter  L.  Torrey 
Wright-Patterson  AFB,  OH  45433 
(513)255-5471 

AFWAL/MLBM 

Attn:  Stephen  W.  Tsai 
Wright-Patterson  AFB,  OH  45433 
(513)255-3068 

General  Dynamics/Ft  Worth  Division 

Attn:  Oavid  A.  Ulman 

P.0.  Box  748 

Fort  Worth,  TX  76101 

(817)732-4811  ext  5375 

Lockheed-Cal ifornia  Company 
Attn:  Robert  R.  Van  Cleave 
Burbank,  CA  91520 
(213)847-6048 

Northrop  Corporation 
Attn:  Ralph  Verette 
Hawthorne,  CA  90250 
(213)970-8300 

Lockheed-Cal ifornia  Company 
Attn:  Ken  Walker 
Burbank,  CA  91520 
(213)847-2188 

University  of  Wyoming 
Attn:  David  E.  Walrath 
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